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A B S T R A C T

We present a numerical investigation of polyurea (Pu) coated aluminum plates loaded by a hydrodynamic
shock wave. This numerical investigation is a follow-up for two previous sets of experiments studying the
mechanical behavior of polyurea coated aluminum plates. The aim of the numerical investigations is to add
additional insights for designers using polyurea coatings, regarding the importance and relevance of the coated
side with respect to the shock intensity, that are not reachable by experimental means only. It appears that
the sole consideration of the coated side provides an incomplete picture, whereas the nature of Pu–aluminum
interface has an influential effect on the overall performance of the coated plate. To comprehend the importance
of the interface between the structure (aluminum) and the coating (polyurea), we examine by means of finite
element simulations two extreme cases: one in which the layers are not attached at all and one in which
the two layers are fully bonded without separation option. Those interfacial conditions are examined for the
case of Pu coating on both sides of the aluminum plate with respect to the water. This paper emphasizes the
importance of the interface between the aluminum plate and the Pu to achieve optimal survivability of the
compound plate against hydrodynamic shockwaves.
1. Introduction

Marine structures are quite vulnerable to threats of various nature,
as even a small hull breach can have catastrophic consequences such
as the drowning of the structure, be it is an oil rig or a fast-sailing boat.
This also applies to the defense context in which ships are exposed
to potential explosions (bombs, mines etc.), or to civil targets like
oil rigs which are extremely lucrative targets for terror attacks, as
their destruction has severe financial and environmental consequences.
Another common threat to the structure is the phenomenon known as
‘‘wave slamming’’, i.e. collisions between hull plates of planing boats
and the waves resulting in violent shocks.

Consequently, the urge to develop affordable and effective means of
protection against hydrodynamic shocks is quite clear. Polyurea coating
is a very promising direction of research in an attempt to develop such
protective means. It is relatively cheap, simple to apply as a coating on
metals, and has a very good resilience in harsh environments.

The use of polyurea as a protective coating is not an entirely new
idea. Though polyurea has been in use as an anti-corrosion and abrasion
coating from the end of the 80’s, it is only in 2000 that the potential of
polyurea as a protective coating was uncovered with the work of Knox
et al. [1] on retrofitting concrete structures with polymer coating as
a protection form blast induced fragmentation. This work exposed the
potential of polyurea as an efficient protective layer. In 2006, efforts
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were directed at optimizing the use of polyurea coatings to improve
structural survivability against various dynamic loads by understand-
ing the mechanisms which mitigate shock waves and strengthen the
material at high strain rates. Among the first works revealing and
utilizing the unique characterizes of polyurea were those of Amirkhizi
et al. [2] who presented a numerical model to describe the various
thermo-mechanical characteristics of polyurea. Other groundbreaking
works are due of Roland et al.[3], Sarva et al. [4], and Yi et al. [5],
who presented experimental investigations of polyurea under uniaxial
tension and compression at various strain rates. These works outlined
the unique viscoelastic features of the material, resulting in a wealth
of research works aimed at optimizing polyurea manufacturing and
implementing it into new forms of armor.

On the mechanics of materials side, one should mention the results
of Grujicic et al. [6] showing the energy absorption capabilities of
polyurea form a micromechanical standpoint. This paper presents a
meticulous investigation of the material behavior, starting at the unique
hard fibers in a soft matrix structure of the block co-polymer, while
explaining how the glassy transition of the material mitigates shock
waves traveling through it. Other results of the same group that are
relevant to the present work are the numerical investigations of the
material behavior by molecular dynamics [7,8]. These works reveal
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List of symbols and abbreviations

Pu Polyurea
DIC Digital image correlation
𝑇𝑔 Glass transition temperature
𝑐0 Bulk wave velocity
𝑠 Slope of the shock Hugoniot line in the 𝑢𝑠 −

𝑢𝑝 (up — particle velocity, and us — shock
velocity).

𝛤 Gruneisen parameter
e Internal energy in a material
𝑃 Pressure
𝐾(𝑇 ) Modified bulk modulus
𝐾0 Reference bulk modulus
𝐽 Jacobian of the deformation gradient tensor
𝑚 Linear correction function to the bulk mod-

ulus per the current material temperature.
𝐺(𝑡) Shear modulus at time 𝑡
𝐺∞ Relaxed shear modulus
𝑛 Number of exponentials describing the

relaxation
𝑞𝑖 Relaxation times
𝑝𝑖 Relaxation times contribution to the shear

modulus.
𝑎(𝑇 ) Time temperature shift
𝐃′ Deviatoric part of the deformation rate

tensor.
𝐴,𝐵 Empirical material constants.
𝐶𝑇𝑃 Pressure–temperature equivalence factor.

more on the shock mitigation mechanisms of shock waves traveling
through the polyurea medium.

As the present investigation comprises numerical simulations (finite
element), it is relevant to list a few attempts made to devise a material
model for polyurea which can be incorporated into available FEA pack-
ages. First and foremost, comes the above mentioned work of Amirkhizi
et al. [2]. This phenomenological model was built following the master
curve by Knauss [9], and it was used by numerous researchers as it is
relatively simple, accurate and includes many of the salient phenomena
of polyurea under dynamic loading conditions. The model will be
described in detail in the materials section of this work, as it was the
model we used for the Pu’s mechanical behavior.

Another important constitutive model for polyurea is due to Shim
et al. [10]. This model describes the polyurea‘s viscoelastic nature using
two parallel Maxwell elements. One of the Maxwell elements describes
the soft rubbery response of polyurea under low strain rates while the
second Maxwell element is used to capture the viscoelastic behavior
of the material at high strain rates. This model is not extensively
implemented in numerical models, but understanding this relatively
simple model (only eight parameters) provides important insights and
some intuition regarding the behavior of the material under various
conditions. Finally, the results of Li and Lua [11] showing how the
inclusion of an Ogden model to describe the hyperelastic behavior of
the material, together with a viscoelastic material model, can explain
the unique nonlinear characteristics of polyurea.

Some researchers recognized the potential of polyurea and tried
to apply it into various applications. Grujicic et al. [12] showed the
potential of polyurea in reducing the risk of traumatic brain injury (TBI)
when employed as a combat helmet padding, shielding the wearer from
blast induced shock waves which are only mildly mitigated by standard
helmet paddings. Roland et al. [13] used polyurea laminates to increase

the penetration resistance of armor steel plates impacted by high speed
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projectile. This was achieved by making sure the test temperature was
close enough to the polymer’s 𝑇𝑔 to induce a glassy transition during
impact. Raman et al. [14] used polyurea coating to reinforce con-
crete panels to increase their survivability against an explosion. They
performed numerical simulations to show how a polyurea laminated
concrete panel deflects less in response to the shockwave created by a
TNT charge detonated in air. Hakmon et al. [15] used polyurea as a
safety layer to prevent hull breach on thinner than standard planning
boat hull plates, as a protection from wave slamming.

Different experimental setups were used to measure the response
of polyurea coated plates to underwater shocks. Amini et al. [16,17]
measured and simulated the response of polyurea coated steel plates
with emphasis on both the coated side as well as the thickness of
the coating. Li et al. [18] performed an experimental investigation
of polyurea coated 6061 aluminum plates with respect to the coated
side and the coating thickness. Rijensky et al. [19] measured the
response of polyurea coated aluminum plates to repeated mild shocks
mimicking wave slamming. LeBlanc et al. [20] measured the response
of polyurea coated composite plates to underwater explosive loadings
with emphasis on optimal coating side and coating thickness. These
works, together with our works on the matter [19,21], all come to a
confusing conclusion. Even if the behavior of aluminum composites and
steel plates are not exactly the same, one would nevertheless assume
that a similar law applies to all cases, and that the optimal side for
application of polyurea coating would be the same for all the above
works. Unfortunately, that this is not the case. Some works [18,19]
find that it is best to apply polyurea on the loaded side (subsequently
referred to wet Pu) of the plate, while others [16,20] find that the
coating lies on the opposite side to the load (subsequently referred to
as dry Pu). The present numerical investigation is aimed at solving
these differences or, at least, shedding some light as to their origin.
For that purpose, a numerical model of a typical experimental setup is
reported. This model is aimed at reproducing the trends observed in
[21], and providing insights regarding the optimal side for lamination
application.

The issue of the dynamic interfacial strength of the primer applied
between the plate and the coating is seldom considered, at least quanti-
tatively, in such applications. Therefore, we will bond the effect of the
interfacial strength by assuming two extreme cases, namely no bonding
and perfect bonding. The numerical simulations presented in the sequel
do not replicate accurately any specific experiment, but they are aimed
at clarifying the role of the interface in the composite plate’s deflection
along with a better understanding of what is really measured when
surface deflections are assessed.

2. Methods

2.1. Problem statement

The simulations presented here are aimed at mimicking generically
a typical experimental setup described in detail in [21]. Briefly stated,
a specimen plate is confined at the end of a cylindrical anvil filled
with water. The other end of the anvil is obstructed by a piston whose
back side is in contact with a long steel bar. A compressed air gun
accelerates a projectile to hit the far (from piston) side of the bar.
A shock wave arises in the bar due to the projectile impact. This
shock wave travels through the bar and hits the piston which, in turn,
compresses and shocks the water confined within the cylinder. The
shockwave travels through the water to load the specimen plate and
deform it. A high-speed camera, triggered by the shock wave passing a
strain gauge cemented on the incident bar, captures the deformation
process. In such experiments, superficial information, such as plate
deflection and strains, is recorded and processed using Digital Image

Correlation techniques.
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Fig. 1. Section view of the model components.
2.2. Algorithms

The problem at hand consists of simulating the transient response
of an aluminum plate coated with polyurea to a pressure wave trav-
eling through water. The first point to notice is that this is a highly
transient problem which is best addressed by an explicit time step
integration scheme. In this work, we used the commercially available
Abaqus-Explicit commercial finite element code [22]. The problem
involves both fluids (water) and solids (aluminum, polyurea, and other
experimental setup elements), and this requires the choice of a proper
fluid–structure interaction simulation method. Since the water is not
expected to flow extensively and acts essentially as a shock wave
transmission medium, it is not mandatory to divide the problem into
two domains (fluid and solid) and solve each domain with a dedicated
solver, since the emphasis is on the solid medium. Some methods
for such problems include a relatively simple fluid motion into a
structural simulation. We experimented with some of these techniques
(Eulerian–Lagrangian scheme, acoustic media) to model the fluid–
structure interaction, and eventually opted for the Smoothed Particle
Hydrodynamics (SPH) [23] method, both for its numerical stability
as well as for the ability of Abaqus to use this method together with
parallel computing, something that cannot be achieved when solving
a Eulerian–Lagrangian problem. This method proved to be very stable
even under intense shocks which caused other methods to diverge.

The SPH method is a meshless method in which a material is
represented by freely moving particles instead of a permanent grid
(mesh). This is a very natural description for fluid flow. The method
is very stable and since there is no mesh, there are no computational
problem with large deformations or motions. The interaction between
the fluid and the structural domains requires no special treatment and
is handled by Abaqus’ general contact formulation. The general contact
algorithm was used defined by ‘‘hard’’ pressure-overclosure normal
behavior and penalty tangential behavior with 0.2 friction coefficient,
as a stabilizing factor. The normal pressure-overclosure option prevents
materials from undergoing mutual penetration by applying a force
on contacting nodes. There is no upper bound to the exerted force
required to prevent penetration. The tangential behavior ‘‘penalty’’
method states that a frictional force is exerted on surfaces in contact
to resist their slippage. The magnitude of this force is calculated as
ordinary kinetic friction with respect to the determined coefficient of
friction. Friction here is assumed for numerical convenience rather than
physical reality.
3

2.3. Model geometry (solid parts)

The model geometry was designed to mimic the experimental setup
described in Rijensky et al. [21]. The different parts partaking in the
model are described in Fig. 1 and its detailed view, Fig. 2.

The setup is comprised of a 1.5 m long, 25.4 mm diameter maraging
steel incident bar that is in contact with a steel piston. The piston has an
indentation with same diameter as the incident bar. Its outer diameter
is 46 mm, just like the diameter of the cylindrical cavity of the anvil
that holds all the parts together. The cylindrical cavity is filled with
water confined between the above-mentioned piston and the specimen
plate. The specimen plate is held within a 4.3 mm wide round slit in the
pressure cylinder, which is also the overall thickness of the coated plate.
All these parts are visible in the cross-sectional view of the simulation
shown in Fig. 1. A circular opening in the anvil of 18.65 mm diameter
is machined opposite to the water side to allow for plate bulging as can
be seen at the top of Fig. 2.

The sharp corner created by this opening was smoothed with a fillet
of radius 10 mm to avoid early local shear failure because of local stress
concentrations. This fillet changes the boundary condition, causing the
edge of the deforming area to be simply supported instead of clamped.

The specimen plate is a 180 mm diameter disk built from two layers,
a 0.8 mm thick aluminum layer and 3.5 mm thick polyurea layer. Two
configurations of this plate were used in the simulations: In the first,
the Pu layer is in contact with the water (subsequently referred to as
wet Pu), and in the second (shown in Fig. 2), the aluminum layer is in
contact with the water (subsequently referred to as dry Pu).

Two extreme interfacial conditions were considered. For the at-
tached plates, the two layers (Pu and Al) were bound with a tie
constraint that keeps both layers moving together, and for that con-
straint, the aluminum layer was chosen as the master surface and the
Pu layer was the slave surface due to the apparent difference in their
rigidity (neglecting the viscoelastic nature of polyurea). The separated
plates required no special treatment to the interface as the contact
algorithm was defined to allow separation of the two independent
layers.

The only boundary condition applied to the model is a velocity
condition on the far edge of the incident bar defined by the trapezoidal
functions shown in Fig. 3. These functions differ from one another by
the maximal values of the velocity that they reach. A projectile hitting
an incident bar in experiments, enforces a velocity boundary condition
which is half of the projectile velocity on the incident bar boundary.
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Fig. 2. Detailed view of the region marked with a yellow square in Fig. 1.
Fig. 3. Velocity boundary conditions trapezoidal pulses.
2.4. Mesh

All parts of the solid model (besides the water) were meshed with
C3D8R. This element type is an eight-node cubic element with one
integration point at its center making it computationally efficient.
All parts were coarsely meshed to reduce calculation times with the
exception on the specimen plates and the water where greater detail
was needed (see Fig. 4).

The specimen plates were meshed with five layers of elements
through the thickness in the thin aluminum layer and seven elements
through the thickness it the thicker polyurea layer. The elements size
in the other directions was chosen to create reasonably shaped element
that are not too thin throughout the thickness. The meshing of the plate
is shown in Close-up view of the meshed aluminum layer.

The water was meshed with the same elements but those were
converted to particles with a time criterion set to zero (on the first
calculation increment), making the type of chosen elements irrelevant
as the mesh was only used to set the initial location of the different
nodes (particles). The initial distance between the particles was set
approximately to 0.2 mm.
4

Fig. 4. Close-up view of the meshed aluminum layer.
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Table 1
Parameters of the Johnson–Cook model for the aluminum plate [24].

Density
Kg/m3

Young’s modulus
(GPa)

Poisson’s ratio A (MPa) B(MPa) n m

2660 68.9 0.29 324 114 0.42 1.34
Table 2
The constitutive parameters used in the numerical model for polyurea.
𝑇𝑟𝑒𝑓 [K] 𝐴 𝐵 [K] 𝐶𝑡𝑝 [K GPa−1] 𝐶𝑉 [Jmm−3K−1] 𝐶𝑇𝐸 [K−1] 𝑚

[

GPaK−1] 𝑛 𝑘𝑟𝑒𝑓 [GPa] 𝐺∞ [GPa]

273 −10 107.54 7.2 1.977 × 10−3 2 × 10−4 −0.015 4 4.948 0.0224
𝑝1 𝑝2 𝑝3 𝑝4 𝑞1 [ms] 𝑞2 [ms] 𝑞3 [ms] 𝑞4 [ms]
0.8458 1.686 3.594 4.342 463.4 0.06407 1.163 × 10−4 7.321 × 10−7
h
m

w
t

3. Material models

3.1. Steel

The anvil, incident bar and piston which were made of steel in
[21] were modeled using linear elastic material model with parameters
matching those of a typical maraging steel. Young’s modulus was set
to 185 GPa with Poisson’s ratio of 0.29. The density of the material
was 8000 Kg/m3. Throughout the experiments, the steel parts remained
elastic.

3.2. Aluminum

Aluminum for modeling the specimen plates’ base layer was mod-
eled as an elastic–plastic material. Since the aluminum is not the focus
of this work, we did not calibrate any analytical model to capture its
plastic behavior, and instead used published Johnson–Cook parameters
form [24] . The material parameters used to model the elastic–plastic
behavior of aluminum in the simulations are summarized in Table 1

3.3. Water

The water was modeled using the first order Mie–Gruneisen equa-
tion of state as implemented in Abaqus:

𝑃 =
𝜌0𝑐02𝜂

(1 − 𝑠𝜂)2

(

1 −
𝛤𝜂
2

)

+ 𝛤𝜌0𝑒 (1)

= 1 −
𝜌0
𝜌

(2)

here P is the pressure, 𝑐0 is the bulk wave velocity in the material and
is the slope of the shock Hugoniot line in the 𝑢𝑠 − 𝑢𝑝 (up — particle
elocity, and us — shock velocity). 𝛤 is the Gruneisen parameter and
is the internal energy of the material (which is considered zero by

efault in Abaqus, that assumption being correct for materials in their
eference state). This constitutive equation sets a relation between the
ensity and the pressure of the material. It ignores shear stresses which
hould otherwise be dealt with independently (these are negligible in
luids) and provides a relatively simple and intuitive model to describe
he water undergoing shocks. A similar model was used by other
esearchers for similar simulations [25]. To account for cavitation in
he simplest possible way, we introduced a tensile failure criterion set
o 1 KPa with no element deletion.

.4. Polyurea

Polyurea was modeled according to the constitutive law described
n [2]. The model was implemented into Abaqus as a Vumat rou-
ine. In this model, volumetric and deviatoric stress are dealt with
ndependently.

The volumetric stress (i.e., pressure) P includes a softening effect
ue to temperature changes:

= −𝐾 ln 𝐽 (3)
(𝑇 ) 𝐽

5

𝐾(𝑇 ) = 𝐾0 + 𝑚
(

𝑇 − 𝑇0
)

(4)

ere 𝑃 is the pressure 𝐾(𝑇 ), 𝐾0 are the modified and reference bulk
oduli, 𝐽 is the Jacobian of the deformation gradient tensor and 𝑚 is a

linear correction function to the bulk modulus according to the current
material temperature.

Polyurea’s viscoelastic nature requires that the full history of strains
be considered to find the current state of stress. This is computationally
impossible as the calculation will grow longer with each time step.
According to the technique described in [2], it is possible to overcome
this issue by approximating the shear modulus with a series of decaying
exponentials which represent different characteristic relaxation times
of the material. Each of these exponentials must be defined by both
its relative contribution to the material stiffness as well as a decaying
time for the exponential function. A calculation of the shear modulus
at a specific time without thermal effects is given by:

𝐺𝑟𝑒𝑓 (𝑡) = 𝐺∞ +

(

1 +
𝑛
∑

𝑖=1
𝑝𝑖𝑒

−𝑡
𝑞𝑖

)

(5)

where 𝐺(𝑡) is the shear modulus at time 𝑡, 𝐺∞ is the relaxed shear
modulus , n is the number of exponentials describing the relaxation,
and 𝑞𝑖 and 𝑝𝑖 are the relaxation times and their contribution to the shear
modulus respectively.

With this shear modulus, the hereditary integral which computes
the deviatoric stress takes the form:

𝝈′
(𝑡) = ∫

𝑡

0
2 𝑇
𝑇𝑟𝑒𝑓

𝐺𝑟𝑒𝑓 (𝑡)

(

𝑡
𝑎(𝑇(𝜏)

)

)

𝐃′
(𝜏)𝑑𝜏 (6)

With 𝑎(𝑇 ) being a time temperature shift function which increases the
effect of time on the material when temperature rises, and 𝐃′ being the
deviatoric part of the deformation rate tensor.

Since temperature changes over time due to dissipation, this integral
must be evaluated from 𝑡 = 0 at every time step, and this is impossible
to do from a computational standpoint.

To allow this integral to be transferred from one step to the next
without introducing the concept of a reduced time, a new time scale
which changes with temperature and defined as:

𝜉(𝑡) = ∫

𝑡

0

𝑑𝜏

10𝐴
(

𝑇−𝑇𝑟𝑒𝑓−𝑃∗𝐶𝑇𝑃
)

∕
(

𝐵+𝑇−𝑇𝑟𝑒𝑓−𝑃∗𝐶𝑇𝑃
) (7)

here 𝐴,𝐵 are empirical constants. This expression was also modified
o consider pressure effects on the shear modulus by including 𝐶𝑇𝑃 ,

the pressure–temperature equivalence factor and the pressure P. One
can see that the pressure and the temperature have reversed effects
on the material i.e., temperature rise accelerates the reduced time, so
that the material relaxes faster, and pressure has the opposite effect.
Introducing the reduced time removes the explicit form of t, 𝑡

𝑎(𝑇 )
in

from the hereditary integral making it usable for FEA calculations as
follows:

𝝈′
(𝑡) = ∫

𝑡

0
2𝐺(𝑡,𝜏)𝐃′

(𝜏)𝑑𝜏 (8)

𝐺(𝑡,𝜏) =
𝑇

𝑇𝑟𝑒𝑓
𝐺𝑟𝑒𝑓

(

𝜉(𝑡) − 𝜉(𝜏)
)

(9)

All the material constants were used exactly as in the original work [2]
which formulated this model and are all summarized in Table 2.



O. Rijensky and D. Rittel Thin-Walled Structures 166 (2021) 108074

r
d
m
m
p
t
p

s
w
t
g
t
A
e
s

d
t
O
s
t
s

Fig. 5. Center point deflection under velocity boundary condition 3 m/s.. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
4. Results

4.1. Center point deflections

The first metric used to assess the plates’ performance is their
center point deflection. A cube, 5 × 5 mm through the thickness of
the aluminum layer was chosen to represent the center point deflec-
tion. The mean value of the out of plane (perpendicular to the plate)
deflections of all nodes confined within this cube was extracted from
the simulations and is presented in Figs. 5 to 8 for each investigated
velocity.

Fig. 5 shows that attached polyurea (red & blue) outperforms sepa-
rated polyurea (black & green), irrespective of the coated side. Dry Pu
performs better than wet Pu with the same interfacial condition. During
an initial period (of up to ca. 0.6 ms), all plates deflect at a similar
ate (plot slopes are the same). Past this period, each plate performs
ifferently. Aluminum layer with a separated interface cannot transfer
omentum efficiently to the polyurea layer which has good shock
itigation capabilities, leading to more energy being converted into
lastic strain as evidenced by larger deflections. It is important to note
hat this simulation is almost purely elastic in that the accumulated
lastic deformation is almost negligible.

Fig. 6 shows again that attached Pu (red and blue) outperforms
eparated Pu (black and green). As before, dry Pu performs better than
et Pu when considering either only the attached Pu plates or only

he separated plated. One can notice that the gap between these two
roups narrows, thus reducing the advantage of attached polyurea. Past
he initial shock phase, all plates keep deforming at a comparable rate.
ll in all, one can notice that attached plates mitigate the shock more
fficiently than separated plates, and therefore accumulate less plastic
train.

Considering now an impact velocity of 10 m/s (Fig. 7), a clear
ifference is noticeable with respect to the previous two plots. First,
he best performance is achieved by attached Pu on the dry side (blue).
ther plates preform very similarly. Both Wet Pu plates’ responses are

imilar, and this is probably due to the fact that the shock pushes
he Pu layer against the aluminum layer as shown in the sequel. The
eparated dry plate (black) shows a marginally worst performance of
6

all tested configurations. Even though the dry attached plate deflected
similarly to all the others during initial loading, it bounced back more
to achieve the best performance again, showing that the attached Pu
layer mitigates the shock.

Fig. 8 shows the center point deflection for a 14 m/s boundary
condition velocity. Once again, dry Pu plate outperforms all others. We
can see here that separated wet Pu plate outperforms the wet attached
plate for the first time. This shows that unique interfacial conditions
are required for each load amplitude for an optimal performance.
Separated dry Pu plate exhibits the worst shock mitigation as evidenced
from its maximal deflection.

Next, a validation of the model will be presented based on the center
point responses of different plates to the shock.

4.2. Validation of the numerical results

Throughout this work, we modeled extreme interfacial conditions
and their consequences on various aspects of the coated plate deflec-
tion. In such simulations, we attempted to replicate the experimental
conditions exposed in [21], without exactly modeling every component
of the experimental setup, while preserving its salient characteristics.
Whereas the experiments were reported for different projectile launch-
ing pressures, the current simulations considered projectile impact
velocity. Consequently, a one-to-one quantitative comparison is beyond
current reach. However, the simulations can be validated qualitatively
by comparing experimental and numerical trends. Here, one must keep
in mind that whereas the experiments considered only side aspects of
the coating, simulations also considered the state of interfacial bond-
ing. Therefore, while a preliminary validating comparison is presented
below, one should also consider the additional information conveyed
by the simulations about the interfacial bonding condition.

Table 3 below compares 3 experimental [21] and 3 numerical
simulations results, where the pressures/impact velocities range from
low to medium and high. The table ranks the overall performance of
the coated plate. From this table, one can see that the experimentally
reported trends are faithfully replicated qualitatively in terms of plate
deflection. Let us note again that the interfacial condition is missing
from the experiments, however, some conclusions can be inferred from
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Fig. 6. Center point deflection under velocity boundary condition 6 m/s.. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
Fig. 7. Center point deflection under velocity boundary condition 10 m/s.. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
the match between the measurements and the simulations. More specif-
ically, the numerical simulations, when compared to the experimental
results, can assist in the determination of the interfacial state, noting
that the latter may eventually evolve from initially attached to detached
at some stage.
7

All in all, the comparisons presented in Table 3 validate qualita-
tively the numerical simulations, and consequently they validate the
main conclusions of this work.

To better understand the interaction between the layers and its’
effect on overall plate performance, we next look at the interfacial
kinetics between the center points of the two layers.
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Fig. 8. Center point deflection under velocity boundary condition 14 m/s. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
Table 3
Comparison of numerical simulation with experimental outcomes.

Experimental
figure [21]

Approx. center point
deflection (first shock)

Conclusion Numerical simulations
figure

Approx. center point
deflection

Conclusion

5 1–4 mm wet pu performs better
than dry pu

5 2.5 mm wet pu attached
performs better than
dry separated pu

6 2–5 mm wet pu performs better
than dry pu

6 4 mm wet pu attached
performs better than
dry separated pu

7 6 mm wet pu = dry pu 7 6 mm wet pu attached =
dry pu separated
4.3. Interfacial kinetics

The different interface conditions between the layers affect their
ability to transfer momentum between the various components of the
composite plate. This section investigates the interlayers kinetics during
shock loading of the plates, considering only the separated interfacial
state. The same area, previously used to calculate the center point
deflection, was considered here. The next plots will show the distance
between this square at the interface on the aluminum layer and the
adjacent square in the polyurea layer. Results are shown in Fig. 9.

The top graph in Fig. 9, shows a small early gap opening in all
plates at about 0.5 ms. This effect can be assumed to result from the
different wave velocities in the aluminum (typically 6400 m/s) and the
Pu (typically 1800 m/s according to the results by Qiao et al. [26]).
The shock wave propagating through the steel anvil precedes the shock
propagating in the water and reaches the edge of the plate creating
a wave moving from the edge of the plate towards its center. Since
this wave travels through the polyurea layer and the aluminum layer
independently (as the layers are separated) it reaches the center of
the aluminum layer first and starts its deflection before the polyurea
starts deflecting. This is a relatively weak shock, and the aluminum
layer bounces back to meet the polyurea layer before the major shock
wave propagating through the water reaches the plate. When this shock

hits the plate, the gap is closed and remains closed until the shock has

8

decayed (e.g., 1.5 ms for 3 m/s in wet separated case Fig. 9). Then,
the wet separated plate exhibits a gap which grows monotonically.
The aluminum layer accumulates plastic strain and remains therefore
curved once the shock has passed. Pu, on the other hand, bounces
back to its pre-shock shape. This is the origin of this gap. It has no
significance to the plates’ performance, and it can only be used as an
indicator of the end of the shock. This gap can also be seen in Fig. 10
which portrays a central section of the plate at various instants of the
deformation.

Considering again the bottom graph in Fig. 9, one can note that a
gap opens when separated Pu is placed on the dry side the previous
early gap. This separation happens during the deformation of the plate
(0.45–1.2 ms). The meaning is simple and yet very important. During
deformation, the Pu is not in contact with the aluminum. If there is
no contact, the aluminum layer is left unprotected from the shock as it
cannot transfer momentum and energy to the Pu layer, rendering the
Pu redundant. As the projectile velocity grows (and with it, the shock
intensity), this gap between layers opens for a shorter duration. i.e., in
weak shock, dry Pu is almost ineffective, and as the shock intensifies,
it becomes more effective. This gap can also be seen in Fig. 11 which
shows the plate ‘s centerline at selected instants of the deformation.
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Fig. 9. Interlayer separation for various impact velocities. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
rticle.)
.4. Polyurea deflection reduction

To better understand the effectiveness of the polyurea coating, we
imulated the response of bare aluminum plates to the same loading
onditions. We extracted the center point deflections of these simula-
ions and calculated the polyurea deflection reduction as the difference
etween the center point deflection of a coated aluminum plate and the
enter point deflection of a bare aluminum plate. This metric is aimed
t showing the efficiency of the coating. The lower the value, the more
erformant the coating (as more deflection had been reduced). Table 4
resents the final values of the deflection reduction in millimeters at
he end of the simulation.

As it seems, Pu on the dry side with strong adhesion performs best
nder all loading conditions. On the other hand, the separated wet Pu
late shows the worst performance on mild impacts with the separated
ry Pu plate showing similar outcomes. On stronger shocks, the sep-
rated dry Pu plate, shows again the worst performance. Considering
he interlayer separation, this is not surprising at all as the gap leaves
9

Table 4
Polyurea coating effective deflection reduction in millimeters — final values. The best
performance for every projectile velocity is marked in green and the worst is marked
in red.

the aluminum layer in the dry separated case unprotected throughout
most of the shock, i.e., bare aluminum.

One should also consider the wet Pu results as for some engineering
applications, dry Pu is generally not an option. When comparing the
two different interlayer constraints in the wet Pu configuration, one
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Fig. 10. Diametral cross-section of the wet Pu separated plate at various instants
throughout the shock. from top to bottom at:t=450 μs, 𝑡 = 540 μs, 𝑡 = 570 μs, 𝑡 = 690 μs,
= 1140 μs, 𝑡 = 1350 μs and 𝑡 = 1770 μs.

an see that attached plate shows better or same performance under
ild shocks while separated plate performs better under strong shocks.

.5. Center line Von-Mises stress distribution

The next plots (Fig. 12) show the Von-Mises strain distributions at
he final step of the simulation, long after the plate stopped deforming
nd reached its final shape. Stresses were extracted from a center line
t the interface between the aluminum layer and the polyurea layer.

Looking at the shape of the distribution for a 3 m/s projectile
elocity (top left plot), one can see that dry plates (black and blue)
ccumulate the stress at their center versus wet plates (green and red)
hich have two stress lobes on the sides of the plate. The separated
ry Pu plate reach lower stress level and has a more evenly spread,
hus desirable, distribution. As the projectile velocity increases, all the
lates tend to reach a similar stress distribution, culminating at 14 m/s,
amely two large side lobes and a low center stress. This corresponds
ell with the failure as captured by experiments in [19,21]. One also

an see that the dry attached plate undergoes lower or equal stresses
ompared with other plates for all experiments, and less pronounced
ide lobes meaning lower stress concentration, a very desirable feature
hen discussing protection for maritime applications.
10
Fig. 11. Diametral cross-section of the dry Pu separated plate at various instants
throughout the shock. from top to bottom at:𝑡 = 450 μs, 𝑡 = 510 μs, 𝑡 = 570 μs and
𝑡 = 690 μs.

4.6. A short remark on surface measurements using 3D-DIC for bulge tests

Many researchers use surface measurement techniques (e.g., 3D-DIC
- digital image correlation) to measure the deformation field in bulge
tests. The choice is clear as DIC is a reliable, well established method
that does not affect the experiment (contactless). DIC is relatively
simple to employ, requires only standard equipment and produces the
full field of strains with great accuracy. In this section, we will review
the simulation results as if they were measured by a 3D DIC system.
As DIC can only measure the outermost surface facing the cameras we
will extract the center point deflection of the plate based on 5 mm
X 5 mm square around the center of the plate at the outer surface,
whether this surface is aluminum (wet Pu specimens) or polyurea (dry
Pu specimens).

Fig. 13 shows a comparison between actual (volumetric averaged)
center point deflections and deflections as determined by a 3D DIC
system for projectile velocities of 10 m/s (left — top and bottom)
and 14 m/s (right — top and bottom). It is readily noticed that the
comparable plots are not the same. 3D-DIC obtained result tend to
underestimate the deflection of dry plates. For example, under 10 m/s
load, dry attached plate (blue line) reached 5.5 mm deflection when
considering the volume averaged result vs. 5 mm deflection when
‘‘using’’ 3D DIC, namely a 10% difference in measurement. This dis-
crepancy in measurement might lead the designer to think that the dry
attached plate performs much better than other plates (1 mm difference
in deflection is 20% better), when in fact, the margin is not as big as the
DIC measures. This happens because DIC is based on images in which
the polyurea layer is visible. The measurement of the plate deflection is
in fact a measure of the coating’s deflection, which can lead to incorrect
analysis of the results and related conclusions. This effect is most
clearly seen from the behavior of the dry separated plate (black line),
on which one can see the violent fluctuations of the flexible coating
which are much weaker when considering the volumetric averaged
result. This means that the use of DIC (and other similar measurement
techniques measuring the back surface of the specimen plate) requires
an appropriate FEA simulation or other validation technique before the
outcomes and firm conclusions can be drawn for such problems. In
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Fig. 12. Von-Mises strain distribution past the deformation at various velocity boundary conditions. From top left and moving clockwise: v = 3 m/s, v = 6 m/s, v = 10 m/s, v
= 14 m/s.. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 13. Comparison between volumetric averaged center point deflection and center point deflections as those would have been captured by a 3D DIC system.. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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other words, the interfacial condition, discussed all along this work,
affects the reliability of the measurements.

5. Conclusions

We have presented and validated numerical simulations results
following a set of experiments aiming to shed light on the importance
of the coated side. The simulation revealed that together with the
polyurea coated side, one should also consider the strength character-
istics of the primer used before this coating.

We have shown that the interlayer interface can change the per-
formance of the coated plate from best to worst. When considering
the results presented here, it is clear that a strong adhesive and a
coating applied to the dry side (attached dry Pu) can yield the best
performance. Simulations suggest that dry attached Pu configuration
allows polyurea to absorb energy more efficiently and mitigate the
shock wave with less energy converted to aluminum plastic strain.
On the other hand, our past experiments [19,21] in which the exact
dynamic interfacial strength was not measured, but definitely involved
bonding, have shown that wet Pu can prevent cavitation induced
damage which can be a leading mechanism to failure of a plate.

It has also been shown that deflections measured 3D-DIC may
contain some inaccuracy when the interface gets detached. Improving
the experimental accuracy of the measured deflections of the aluminum
plate requires complementary numerical simulations.
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