EAUPINE PUBLISHERS

Open Access

Trends in Civil Engineering and
its Architecture

DOI: 10.32474/TCEIA.2018.01.000119

ISSN: 2637-4668

Polyurea Coated and Plane Reinforced Concrete
Panel Behavior under Blast Loading: Numerical

Research Article

Simulation to Experimental Results

Natalia L Carey?, John ] Myers'*, Domenico Asprone?, Costantino Menna? and Andrea Prota?

IMissouri University of Science and Technology, USA
2Department of Structural Engineering, University of Naples, Italy

Received: & February 21, 2018; Published: & March 05, 2018

*Corresponding author: John ] Myers, Missouri University of Science and Technology, 325 Butler Carlton Hall, 1401 North Pine Street, Rolla,

Missouri- 65409-0030, USA, Tel: 573-341-6618, Tel: jmyers@mst.edu

Abstract

This research investigated the behavior of reduced scale standard reinforced concrete panels coated with various polyurea

systems under blast loading. The blast mitigation performance of four coatings including two plain polyureas and two discrete

fiber-reinforced polyurea (DFRP) systems was evaluated. Chopped E-glass fibers were discretely integrated in with the polyurea to

develop a DFRP system. The addition of glass fiber to a polymer coating provides improved stiffness and strength to the composite
system while the polyurea base material provides ductility according to a fiber length optimization study conducted by Carey and
Myers (2011) [1]. Reduced scale panel blast testing was conducted. In addition, the finite element program LS-DYNA was used to

model panel and coating response under blast loading. Several modeling solutions were undertaken and compared for concrete

formulation. Winfrith concrete material, model and Surface Cap model, which are widely used to simulate the concrete behavior

under dynamic loading, were examined. Modeling results were analyzed and compared to the experimental work to validate the

conclusions.
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Introduction

Research initiatives have been advanced to investigate new
materials that can be used for blast mitigation, strengthening, or for
general repair-retrofit applications. This research activity focused
on assessing the effectiveness of various blast mitigation coating
technologies to be used for enhancing the blast resistance of
structural members. This study examined the behavior of reduced
scale standard reinforced concrete (RC) panels coated with various
polyurea systems under blast loading. The finite element program
LS-DYNA was used to model panel impact resistance under blast
loading using the explicit time integration in order to compare to the
experimental work to validate the conclusions. The blast mitigation
performance of four coatings including two plain polyureas
and two discrete fiber-reinforced polyurea (DFRP) systems was
assessed. Chopped E-glass fibers were discretely integrated in with

the polyurea to develop a DFRP system. The addition of glass fiber
to a polymer coating provides improved stiffness and strength to
the composite system while the polyurea base material provides
ductility [1]. This study builds on previous work investigating
the blast mitigation performance of hybrid, plain, and steel fiber-
reinforced concrete panels coated with various polyurea systems
under blast loading [2].

The results of the blast testing revealed that the addition of
plain polyurea or DFRP system on the tension side improved panel
performance by containing spalling during a blast event. DFRP
systems exhibited less bulging compared to the plain polyureas
due to higher stiffness. Previously, the polyurea retrofit approach
for blast mitigation and impact resistance was investigated by
conducting testing on masonry walls [3-10], vehicle barriers
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[11,12], and reinforced concrete panels [12-14]. Polyurea coating
exhibited ductile behavior and was effective at containing spalling
and reducing fragmentation during either blast or impact testing.
Other Studies examined the effectiveness of the system to provided
added shear and flexural capacity [15].

Polyurea coating possesses several advantageous properties,
including elasticity, ductility, and energy absorption. Itis a corrosion
and abrasion resistant, durable, and lightweight material. Polyurea
material is a low-viscosity liquid, it bonds very quickly and evenly
during application. Several key characteristics of the polyurea
coating include chemical and water resistance, excellent elongation,
and quick curing. Polyurea coatingis capable of withstanding regular
thermal or dynamic movement as well. Despite requiring special
equipment and experienced operators for mixing, application is
easy and the material cures rapidly. Prior to application, the surface
should be thoroughly prepared in order to achieve an adequate and
strong bond. Also, the material is not very sensitive to temperature

Experimental Testing

Material properties and panel fabrication

This research project examined the effectiveness of various
polyurea coating systems for blast mitigation. Five 90 mm thick
RC panels with a 0.5% reinforcement ratio in each direction were
fabricated at the High Bay Structural Laboratory on the Missouri
S&T campus. Four panels were coated with various plain polyureas
and DFRP systems. Table 1 provides detailed descriptions of the
test specimens and investigated coating systems. The nominal
dimensions of each panel were 1180 x 1180 mm. All the panels
included Grade 420MPa ASTM No. 3, 9.5mm, steel bars for
longitudinal reinforcement. Ready-mix concrete was used during
panel fabrication. Hardened concrete properties are summarized
in Table 2.

Table 1: Panel Test Matrix.

o L . . . o Panel No. Description
and humidity during installation and service, which eliminates the
i N 1 RC control specimen
need for additional arrangements for application procedures and
curing environments. Polyurea also aids in the confinement of post- 2 RC panel coated with polyurea A
blast materials in compression loaded structures, which produces a 3 RC panel coated with DFRP A system
residual load-bearing capability. 4 RC panel coated with polyurea B
5 RC panel coated with DFRP B system
Table 2: Hardened Concrete Properties.
Compressive Modulus of Modulus of
Panel Type
Strength, MPa Elasticity, GPa Rupture, MPa
Panel 1, RC control specimen 23.6 20.8 -
Panel 2 - Pan.el 5 RC coated 214 20.8 30
specimens

Two types of elastomeric polyurea were examined: polyurea A
and polyurea B. Both polyureas were two-component 100% solid
reactive cures. Selected coatings exhibited difference in ductility
and set time. Mechanical properties supplied by the manufacturer
for each elastomeric

polyurea are displayed in Table 3. Chopped E-glass fibers were
discretely integrated in with the polyurea to develop a DFRP system.
Multi-end continuous low static E-glass fiber roving designed
specifically for spray-up applications was used for DFRP systems.
Table 3: Mechanical Properties of Elastomeric Polyureas.

Glass fiber’s mechanical properties provided by the manufacturer
are listed in Table 4. Mechanical properties of DFRP systems
obtained during coupon tensile testing of each coating are included
in Table 5. In addition, ignition loss testing was conducted to
determine the fiber volume fraction in DFRP specimens. The fiber
volume fraction levels were obtained using the highest fiber roving
chopping speed on a mechanical chopper/spray gun as prescribed
in a fiber length optimization study undertaken by Carey and Myers

[1].

Material Tensile Strength, MPa Elongation (%) Gel Time (sec) Tack Free Time (sec)
Polyurea A 14.8 3-6 6-9
Polyurea B 19.3-20.7 430 - 445 11-13 78 - 85
Table 4: Mechanical Properties of E-Glass Fiber.
Mechanical Properties Dry Range

Tensile Strength, MPa 59-98

Tensile Modulus, MPa 7542 - 14893

Flexural Strength, MPa 166 - 307

Flexural Modulus, MPa 6939 - 12065
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Table 5: Mechanical Properties of DFRP Systems.

Coating Designation

Fiber Volume Fraction (%)

Modulus of Elasticity, MPa

Max Stress, MPa

DFRP A 14 710.5 10.38
DFRP B 7 724.5 7.94
Coating Application polyurea mixture, chop the E-glass fiber roving, and disperse the

Four panels were coated with 6.4 mm thick spray-on elastomeric
polyurea systems on the tension face and along the adjacent sides
to minimize coating debonding potential. In addition, a 0.05 to 0.08
mm thick primer was applied on the panel bottom surface (i.e.
tension face) prior to coating application to achieve an adequate
and strong interface bond between the concrete substrate and
polyurea coating and to minimize delamination potential. During
DFRP coating application, a mechanical chopper/spray gun was
used to combine and simultaneously distribute a two-component

glass fibers into the coating system creating a uniformly discretely
integrated fiber-reinforced system. Fiber volume was adjusted
during coating application by increasing the speed of fiber chopping
and integration into the polyurea matrix. Fiber length of 6.4 mm
was used during fiber-reinforced polyurea coating application
based on results of a fiber length optimization study conducted by
Carey and Myers [1] concluding that samples with shorter fibers
exhibited higher ductility due to the weaker bond between the fiber
and matrix. Coating application process is depicted in Figure 1.

Ve

@

Polvurea Application Process (b) DFRP System Application Process

Figure 1: Coating Application Process.

Blast Test Setup

After specimen fabrication and coating with various polyurea
systems, panels were transported to the Missouri S&T experimental
mine for blast testing. Panels were tested using a charge weight of
1.36 kg of C4 (a common variety of plastic explosive) at a 305 mm
standoff distance as prescribed in a previous blast study by Lu [16]
based on expected damage level. During testing, each panel was
simply supported on the steel w-sections with a 64 mm bearing

on each end. Charges were hung from the mine ceiling using a
wire to a 305 mm standoff distance measured from the center
of the explosive charge to the top face and centered over the test
panel surface. Panel blast test setup is presented in Figure 2. Test
results were documented by still digital photography and static
measurements as required. Residual deflection was measured at
the midspan from the top of the panel to the bottom of the crater
using a straight edge level and a tape measure.
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(a) Pysica_l_ Profile of Blast Tet 'b) Plan View Schematic of Blast Test (c) Profile Schematic of Blast Test
Figure 2: Blast Test Setup.
\
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Blast Test Results

Plain RC panels demonstrated surface cratering along the
centerline on the top face of the panel after detonation due to
crushing of the material by the compression from the shock wave
and erosion by the gases from the blast. Most of the RC panels
exhibited flexural failure during blast testing as a result of the
initial pressure wave impact. Major surface spalling was observed
in the center of the bottom face of the RC control panel (Panel 1)
due to the shock wave propagation all the way through the material

and the subsequent tensile reflections from the near free-face (see
Figure 3a). In addition, polyurea delamination and tearing occurred
along the panel sides during testing. Tearing of the coating was
observed only in one case, on the bottom/tension face of the RC
panel coated with DFRP B system (Panel 5), due to internal voids
formed within the system during the application when insufficient
amount of polyurea matrix material is combined with a lot fiber or
due to lower strength and higher ductility of the coating compared
to DFRP A system (see Figure 3b & 3c).

N

N

N
) Panel 2 "(c) Panel 5
Figure 3: Panel Bottom Face Damage After Detonation.
J
Modeling Procedure
Model description
N
(a) Reinforced Concrete Panel (b) RC Panel with Steel Reinforcement Figure 4.
RC Panel Model Components (LS-DYNA Input)
(c) RC Panel with Polvurea Coating
Figure 4: RC Panel Model Components (LS-DYNA Input) (cont.).
)

N
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The nominal dimensions of each panel were 1180 x 1180 mm.
In addition, each modeled panel was 90 mm thick with a 0.5%
reinforcement ratio in each direction. A constant stress eight node
solid element formulation was used to construct the panel shape
consisting of 49 element mesh in each horizontal direction and 6
elements through the thickness (see Figure 4a). Longitudinal steel
reinforcement consisted of Grade 420 MPa ASTM No. 3 bars and
was modeled as beam elements (see Figure 4b). A perfect bond was
assumed by tying steel reinforcement and concrete nodes during
modelling and incorporating CONSTRAINED_LAGRANGE_IN_
SOLID1 formulation. In Refers to keyword names in LS-DYNA [17]
order to model plain polyurea coatings and DFRP systems, a shell
formulation with a 49 by 49 element mesh was used that coincided
with a solid concrete mesh to avoid instabilities due to the contact
formulation (see Figure 4c). A 6.4mm coating was applied on the
tension side/back face of the panel. A contact between concrete and
investigated coatings was modelled using CONTACT_TIED_SHELL_
EDGE_TO_SURFACE_BEAM_OFFSET!
was simply supported on steel w-sections with a 64 mm bearing

formulation. Each panel
along two edges during blast testing, which was incorporated into
the model as well. The panel was constrained in the transverse
direction along the two opposite sides through the thickness with a
bearing distance along those edges.

Loading

During experimental testing, a charge weight of 1.36kg of
C4 at a 305mm standoff distance was used. The spherical charge
was centred above the specimen and hung from the mine ceiling
using a wire to a 305 mm standoff distance measured from the
centre of the explosive charge to the top face of the test panel. A
blast event was modelled using a LOAD_BLAST! function based
on ConWep formulation, which is a built-in simulation describing
a blast event as a function of charge weight and standoff distance

Table 6: Winfrith Model, Concrete Mechanical Properties.

[18]. The LOAD_BLAST1 formulation defines an air blast function
for the application of pressure loads due to charge detonation. The
charge weight was converted to the equivalent mass of TNT using
a factor of 1.34 [18]. The charge weight of 1.8234kg of TNT (1.36kg
of C4) and the coordinates corresponding to the centroid of the
charge were implemented in the LOAD_BLAST1 card. The pressure
history induced by the blast was calculated and applied as a
pressure load on top surface of the panel. A LOAD_SEGMENT_SET*
was used to define an area over which the distributed pressure load
was applied. The peak pressure during the charge detonation was
calculated using the Blast Effects Computer [19] to be 0.129GPa,
which corresponds to the pressure output of 0.11GPa obtained
during the modelling analysis.

Material models

Two modelling solutions were undertaken and compared for
concrete formulation. During the first approach, Win frith material
formulation (material model 85, MAT_WINFRITH_CONCRETE?)
was used to model RC. This concrete material model refers to
a basic plasticity model that includes the third stress invariant
for consistently treating tri axial stress behaviour. The plasticity
portion of the Winfrith concrete model is based upon the shear
failure surface proposed by Ottosen [18] which is referred to as
a four parameter model. It includes strain softening in tension,
optional strain rate effects and concrete tensile cracking with up
to three orthogonal crack planes per element. For this reason,
one advantage of the Winfrith concrete model is monitoring
crack development and propagation. Concrete model strain rate
enhancement is based on the formulations given by Broad house
and Attwood [19] where strain rate enhancements are based
upon the incremental strain rates and applied by means of three
strain rate enhancement factors affecting tensile, compressive and
Young’s modulus for both the low and high strain rates.

Mechanical Properties Panel 1 Panel 2 - Panel 5
Mass Density (kg/m?)* 2300 2300
Initial Tangent Modulus (GPa)* 20.8 2300
Poisson’s Ratio* 0.2
Uniaxial Compressive Strength (MPa) 23.65 21.45
Uniaxial Tensile Strength (MPa)* 2.36 2.15
Fracture Energy (GPa-m)* 6.50E-8 5.75E-8
Max Aggregate Size (m) 0.0254 0.0254

*Assumed values

As input concrete model data, strain rate effects were
implemented in the material model by specifying fracture energy
values, since concrete exhibits an increase in strength at high
strain rates [20]. Fracture energy values derived by CEB (Comité
Euro-Internacional du Béton) were obtained from [21]. Concrete
mechanical properties used for the Winfrith formulation are
summarized in Table 6. During the second approach, Continuous
Surface Cap Model (material model 159, MAT_CSCM1) was used to

simulate concrete properties and behaviour. The concrete material
model MAT_CSCM adopted for the present simulation is commonly
referred to as a smooth or continuous surface cap model and was
developed to predict the dynamic performance of concrete used in
roadside safety structures. A smooth and continuous intersection
is formulated between the failure surface and hardening cap.
The model includes isotropic constitutive equations, yield and
hardening surfaces; damage formulations are used to simulate
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softening including stiffness reduction. Rate effects are included in
the model by means of a strain rate formulation that is based on a

Table 7: Surface Cap Model, Concrete Mechanical Properties.

viscoplastic algorithm derived by Simo et al. [22]; it is applied to
the yield surface affecting the damage surface and fracture energy.

Mechanical Properties Panel 1 Panel 2 - Panel 5
Mass Density (kg/m?)* 2300 2300
Unconfined Compressive Strength (MPa) 23.65 21.45
Max Aggregate Size (m) 0.0254 0.0254

*Assumed values

The Simo et al. extension requires one rate effects parameter,
denoted by m. This parameter is called the fluidity coefficient
and is a automatically computed as a function of input concrete
compressive strength and maximum aggregate size. Further details
on the constitutive model can be found in [23]. The concrete model
includes initialization routines that provide the user with default
input parameters for normal strength concrete. In this way, required
strengths, stiffness values, hardening, softening, and rate effects
parameters are set as a function of concrete compressive strength
and maximum aggregate size. All test data and assumptions used
to set the default input parameters for concrete are reported in
[24]. Concrete material properties used for the Continuous Surface
Cap model are displayed in Table 7. Element erosion/deletion was
addressed through ERODE! parameter. The ERODE! parameter
influences displacement and damage on the tension face of the
panel during a blast event [16]. For all simulated panels, a value of
1.1 was selected to prevent premature element erosion.

It should be pointed out that values for strain to be used in an
erosion algorithm should take into account the increase due to
softening, strain rate during explosion, confinement [25]. In MAT_
CSCM elements erode when damage variables exceed 0.99 value
and the maximum principal strain exceeds 1-ERODE. Typically,
this value ranges between 1.05 and 1.1 which allows damage

Table 8: Steel Reinforcement Mechanical Properties

to propagate according to a more physical pattern [25]. Within
this range of ERODE values, authors verified through parametric
analysis that no remarkable differences of the damage pattern
can be observed. It should be pointed out that different mesh
refinements may produce different computational results, typically
generating greater damage accumulation in the smallest elements.

In case of CSCM concrete model, to regulate mesh size
sensitivity, the concrete model internally maintains constant
fracture energy regardless of element size. Steel longitudinal
reinforcement was simulated using material model 24 (MAT_
PIECEWISE_LINEAR_PLASTICITY1), which allows an elasto-plastic
material with a strain rate dependency to be defined [16]. Winfrith
concrete model permits the reinforcement to be included in the
material card by providing a reinforcement ratio, but in this study
the approach by discretely defining the internal reinforcement
was used. Reinforcement properties used during the analysis are
included in Table 8. The strain rate effects in the reinforcement
were accounted for using the Cowper and Symonds model which
scales the yield stress with the factor given by Equation 1 [16]. The
strain rate parameters C and p were 0.1 and 5 respectively, which
are commonly used in the literature [26].

1+@]/p

Eq.1
C q

Mass Density (kg/m®)* 7800
Young’s Modulus (GPa) 220
Poisson’s Ratio* 0.3

Yield Stress (GPa) 0.469
Tangent Modulus (GPa)* 2.2

*Assumed values

where ¢ is the magnitude of the strain rate, &= \[&jéij

An elasto-plastic material model 89 (MAT_PLASTICITY_
POLYMER') was used to simulate plain polyurea coatings and DFRP
systems. Coating properties used during the analysis are listed in
Table 9. Effective stress vs. effective strain curve obtained during
the uniaxial tensile testing was defined for each coating system and
implemented into the corresponding model, as specified in material
model 89 [16]. Considering that polyurea material and glass fiber

are strain rate dependent, the strain rate scaling factors were used
for each coating system to simulate the actual behavior of the
material [27-31]. A 1.5 to 3 scale factor increase was implemented
depending on the coating system. The strain rate scaling effect on
yield stress curve was defined for each coating system using the
strain rate value computed through the numerical simulation, as
described in material model 89 [16]. In addition, the variation of
failure strain with strain rate curve was specified for each coating
system by providing the natural log of strain rate determined
through the simulation and true strain at failure measured during
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the static tensile test, as defined in material model 89 [16]. Failure
strain for each investigated coating system is provided in Table 9
along with the material properties. Since during the experimental
tests the polyurea coating failure was expected to be due to tensile

Table 9: Polyurea Systems Mechanical Properties.

stress on the bottom face of the panels, maximum tensile strain was
chosen as a possible parameter for quantifying and detecting major
damage in those coated systems.

Mechanical Properties Polyurea A DFRP A Polyurea B DFRP B
Mass Density (kg/m?) 1114 1304 1060 1133
Young’s Modulus (GPa) 0.0918 0.7105 0.1260 0.7245

Poisson’s Ratio* 0.46 0.46 0.46 0.46
Elongation (%) 91 n/a 430 - 445 n/a
Failure Strain (mm/mm) 0.3727 0.0243 1.6677 0.0553

Modeling Results

During this study, the behavior of reduced scale standard RC
panels coated with various plain polyureas and DFRP systems
subjected to blast loading was analyzed using the finite element
program LS-DYNA. The blast mitigation performance and
response of four coatings including two plain polyureas and two
DFRP systems was assessed. Two models have been developed to

evaluate the response of plain and coated RC panels subjected to
one blast event. Modeling results were examined and compared
to the experimental work to validate simulation conclusions. Two
concrete modeling formulations were undertaken and compared.
During the first approach utilizing Winfrith concrete formulation,
the effective strain output was used as a proxy of the concrete and
coating damage level.
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Figure 5: Comparison of Experimental and Modeling Results for Panel 1 (cont.).
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It is a monotonically increasing scalar value which is calculated
incrementally as a function of the plastic component of the rate
of deformation tensor J,. All panels modeled using Winfrith
formulation exhibited flexural failure mode almost consistent with
experimental results. Furthermore, yielding of the reinforcement
was observed in all the simulated cases. Comparison of experiment
and modeling results for Panel 1 is presented in Figure 5. Winfrith
material formulation allows crack monitoring therefore, crack
development along the centerline was observed on the top face of
each panel representing minor cratering similar to the blast test
results (see Figure 5a &5c). Through the thickness flexural cracking
and minor spalling developed along the midspan on the tension face
of the Panel 1 during blast testing similar to the behavior obtained
through modeling using Winfrith concrete formulation (see Figure
5b&5d). Panel 6 modeling results revealed the same behavior of
DFRP B system as during blast testing demonstrating tearing of the
coating on the tension face.

During the second modeling approach, Continuous Surface
Cap model was used to simulate concrete behavior under dynamic
loading. Figure 5 compares experimental results and Surface Cap
model output for Panel 1 (see Figure 5a-5f). Surface Cap model

does not monitor crack development which differs from Winfrith
concrete formulation, however the post blast damage can be
obtained directly from the output file. In detail, the input value of
NPLOT was set as equal to 1 in order to display the maximum of
brittle and ductile damage (thatis reported in the output fringe level
as “effective plastic strain”). During simulations, minor internal
erosion of the elements was observed in all the modeled cases
representing onset crushing of concrete due to blast compression
wave propagation through the material (Figure 5e).

All RC panels demonstrated flexural failure pattern similar to
the results obtained from experimental testing. Moreover, based on
simulation observations, (i.e. by measuring element compressive/
tensile strains) the strain rate affecting the concrete panels resulted
approximately between 50 s-1 and 100 s-1, leading to a measured
increment of concrete compressive strength of around 40%. In
addition, yielding of the reinforcement was observed in all the
simulated cases. Analysis of each modeling approach revealed that
polyurea and DFRP systems spread the damage over the tension
face of the panel due to high bond strength between the concrete
and the coating (see Figure 6).
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Figure 6: Comparison of Polyurea A and DFRP A Modeling Results (cont.).
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Table 10: Deflection Results.

Panel Designation Deflection, mm
Winfrith Model Surface Cap Model Experimental

Panel 1, RC [23.6 MPa] 24.5 36.0 31.0

Panel 2, RC with Polyurea A* 22.0 14.5 25.0
Panel 3, RC with DFRP A* 19.0 16.5 46.0
Panel 4, RC with Polyurea B* 22.5 17.5 64.0
Panel 5, RC with DFRP B* 21.0 15.5 48.0

*Concrete compressive strength = 21.4 MPa

The damaged area of polyurea coating reflected the deformation
of the coating during experimental blast tests; in particular, it was
found consistent with the coating bulging during experiment
blast testing (see Figures 6a & 6b). DFRP systems exhibited more
concentrated damage due to higher stiffness compared to plain
polyurea coatings when Winfrith formulation was used (see
Figure 6¢ & 6d). Polyurea A experienced more deformation than

DFRP A system when Surface Cap modeling approach was used
reflecting the experimental results (see Figure 6e & 6f). During
blast testing, DFRP systems exhibited less bulging compared to
the plain polyureas due to higher stiffness. In addition, deflection
results were compared and are summarized in Table 10. Winfrith
formulation demonstrated slightly higher deflection values for
coated panels compared to Surface Cap model.

Ve

Undeflected Shape

Figure 7: Residual Midspan Deflection Diagram.

Residual
Deflection

Deflected Shape

Coated panels exhibited decrease in deflection compared to the
plain RC specimen during each modeling approach. Both concrete
models approximately predicted the final deflection of the uncoated
RC panel. Winfrith formulation estimated the final deflection of
the coated panels within a factor of 3 or less depending on the
coating system, while Surface Cap model within a factor of 3.6 or
less. The simulations gave satisfactory results in terms of damage
pattern whereas residual deflection was not in good agreement
with experiments. During the experimental testing, coated panels
exhibited major surface cratering resulting in higher deflection
values compared to the modeling output. During testing the residual
midspan deflection was measured from the top of the panel to the
bottom of the crater whereas the modeling panel deflection did not
consider crater depth (see Figure 7).

Furthermore, an internal energy was evaluated for each
simulated case to analyze and compare the energy absorbed by
each panel component. Surface Cap model internal energy values
are listed in Table 11, since Winfrith formulation yielded varied
internal energy results. The global internal energy was similar for
each investigated case. In the case of uncoated panel (Panel 1),
about 50% of the energy was absorbed by each panel component

indicating yielding of the steel reinforcement (see Figure 8). In
the case of coated panels (Panel 2, 3, 4, and 5), the internal energy
absorbed by the steel reinforcement decreased due to the addition
of the coating while the concrete internal energy increased slightly
(see Figure 9). About 3% of the energy was absorbed by the plain
polyurea coating and about 12% by DFRP systems irrespective of
polyurea type. Surface Cap model internal energy output confirmed
that the coating works as an external reinforcement absorbing
tensile stresses in addition to fragmentation mitigation. Tensile
stress is shared by the internal steel reinforcement and the external
coating system. DFRP systems absorbed 4 times more internal
energy compared to plain polyurea due to the addition of the
fiber to the coating creating stiffer system. Finally, it is specified
that maximum and residual strains of steel reinforcement were
not measured during the tests and post-mortem inspection was
not possible. However, the experimental results showed large
residual displacements of panels suggesting that reinforcing steel
has gone through significant damages and plastic deformations.
This was confirmed during simulations where reinforcing steel
residual deformation was recorded. Moreover, the internal energy
of reinforcing steel in Figure 9 keeps a constant value after yielding.
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Table 11: Surface Cap Model Internal Energy Results.

Internal Energy (J)
Panel Designation
Global Concrete Reinforcement Coating
Panel 1, RC [23.6 MPa] 7468 3889 3578 -
Panel 2, RC with Polyurea A* 7293 4154 2905 234
Panel 3, RC with DFRP A* 7469 4078 2473 918
Panel 4, RC E\{:th Polyurea 7609 4400 2981 228
Panel 5, RC with DFRP B* 7414 3846 2652 916
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Conclusions

During this research work, the behavior of reduced scale
standard RC panels coated with various plain polyureas and DFRP
systems subjected to blast loading was analyzed using the finite
element program LS-DYNA. Two models have been developed
to evaluate the response of plain and coated RC panels subjected
to one blast event. Winfrith formulation and Surface Cap model
were used to simulate concrete behavior under dynamic loading.
The study was also performed in order to compare two different
available concrete material models with the aim to simulate the
structural behavior RC panles during blast events. The overall
simulation results gave satisfactory results in terms of damage
pattern suffered by RC panels whereas residual deflection was not
in good agreement with experiments.

In particular, all panels exhibited flexural failure mode during
each modeling solution consistent with experimental results.
Analysis of each modeling approach revealed that polyurea and
DFRP systems spread the damage over the tension face of the panel
due to high bond strength between the concrete and the coating.
The plastic strain output reflected the deformation of the coating
during modeling analysis consistent with the coating bulging during
experiment blast testing. It should be pointed out that Winfrith
model was not accurate concerning crack pattern on bottom panel
and computation of internal energy. One reason could be related to
the fact that Winfrith model was originally not developed for very
large deformations and for this reason less suitable for this kind of
application. Surface Cap model internal energy output confirmed
that the coating works as external reinforcement absorbing tensile
stresses.

Tensile stress is shared by the internal steel reinforcement and
external coating system. After a thorough analysis of the output
results, it was determined that Surface Cap modeling solution can
predict the observed material response when subjected to blast
loading. This modeling formulation is suitable to be implemented
and can be used to conduct virtual experiments by subjecting
various structural elements to different blast configurations in
order to predict the material response when blast testing is not a
feasible option.
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