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1. INTRODUCTION

Protection of engineering structures against blast loading has received a lot of attention in recent years. Blast
loading (due to e.g. an accident or a terrorist attack) to important structures in our society can be extremely critical,
and it is important to verify that the structure is able to withstand a realistic blast load, or at least minimise the
damage to avoid disastrous consequences. Polymer foams could be used as blast protection to absorb energy and
thereby protect structures against blast loads. Computational methods are now available to predict both the loading
and structural response in these extreme loading situations, and experimental validation of such methods is
necessary in the development of safe and cost-effective structures. In this study impact and blast experiments will
be performed, and the results will be used for validation and verification of computational methods for structural
response analysis of blast loading.

2. OBJECTIVES

The main objective of the research project is to investigate how polymer foam behaves under dynamic impact and
blast loading, and to validate to which extent this can be predicted using computational tools.

3. ASHORT DESCRIPTION OF THE RESEARCH PROJECT

The main topics in the research project will be as follows:

1. A comprehensive literature review should be conducted to understand the blast load phenomenon, blast load
design, the characteristics of polymer foam, constitutive modelling of polymer foam exposed to extreme
loadings, and explicit finite element methods.

2. Foams with various densities should be considered.

3. Proper constitutive relations are chosen and calibrated based on material tests.

4. Non-linear FE numerical simulations will be carried out in order to study the effect of different design
parameters on the energy absorption.

5. Sandwich structures will be tested in a drop tower in order to verify the FE model and study the effect of foam
density, thickness and other design parameters on the energy absorption.

6. The SIMLab Shock Tube Facility will be used to validate the numerical model of sandwich structures to blast
loading, as an alternative to explosive detonations.
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ABSTRACT

Following several high profile bomb attacks in the western hemisphere in recent years, e.g.
Brussels 2016 and Norwegian government quarter 2011, the protection of structures against
blast loading has received a lot of attention. Blast loading (due to an accident or a terrorist
attack) to important structures in our society can be extremely critical, and it is important to
verify that the structure is able to withstand a realistic blast load, or at least minimize the

damage to avoid disastrous consequences.

The main objective of the present work was to investigate how a polymer foam (XPS)
behaves under dynamic impact and blast loading, and evaluate the performance of this type of
foam, when used in structural protection, under these load conditions. Several laboratory
experiments and numerical analyses were performed in order to document the polymer foams

behavior, and investigate the predictive capabilities of numerical methods.

Considering the complexity of the problems analyzed, the overall observation is that the
numerical simulation is in many cases able to predict the test results with reasonable accuracy.
Based on the results found both experimentally and numerically, XPS foam is believed to
perform well as an energy absorbent in a flexible sandwich configuration, for both low-
velocity dynamic impacts and blast loads. Further findings indicate that the blast protection
performance of the studied sandwich panels greatly depend on the design parameters, e.g.
foam core density. Trends indicate a higher energy absorption for lower foam densities, which
suggests that for optimal energy absorption, it is beneficial to use a foam with as low density
as possible. However in order to obtain a sound design, the strength of the foam needs to be

addressed.
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Qi, Ci
R

Initial cross sectional area

Linear thermal expansion coefficient
Non-linear scale factor

Exponential decay coefficient
Non-linear shape factor

Power-law function constants
Specific heat capacity

Digital Image Correlation

Engineering strain

True strain
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Yield function

Actual impactor force on specimen
Finite Element
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Fluid Structure Interaction

Gravitational acceleration

Linear strain hardening coefficient

Impulse

Specific impulse of positive phase of blast wave
Taylor-Quinney coefficient

Initail length

Impacting mass

Mass of striker
Mass im impactor

Impacting mass
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pressure

Measured impactor force
Normalized plastic strain rate
Reference stain rate

Atmospheric pressure

Equivalent plastic strain rate

Foam density

Density of the foams base material
Yield function

Peak reflected pressure

Peak incident overpressure

Voce hardenng parameters
Isotropic hardening

Material density

Engineering stress

viii



Equivalent stress
von Mises effective strain
Mean stress

Plateau stress
Structural Impact Laboratory

Absolute temperature
Normalized temperature

Duration of the positive phase of a blast wave

Time after an explosion

Melting temperature of the material

Room temperature
Time of shockwave impact

Previous displacement

Current displacement
Impact velocity
Previous velocity

Current velocity

Plastic coefficient of contraction
Residual velocity

Work
Extruded polystyrene
Yield stress

Yield stress
Equivalent stress



1 INTRODUCTION

Following several high profile bomb attacks in the western hemisphere in recent years, e.g.
Brussels 2016 and Norwegian government quarter 2011 (Figure 1.1), the protection of
structures against blast loading has received a lot of attention. Blast loading (due to an
accident or a terrorist attack) to important structures in our society can be extremely critical,

and it is important to verify that the structure is able to withstand a realistic blast load, or at

least minimize the damage to avoid disastrous consequences.

Figure 1.1: A high rise building in the Norwegian government quarter after the bombing on July 22.
2011, Photo by: Fartein Rudfjord [1]

A way of protecting structures from blast loads is to use some form of sacrificial protective
cladding on the facade of the structure. However, to get the desired strength from traditional
building materials, such cladding can get very heavy. The feasible way of reducing the weight
is to reduce the density of the material. As indicated by Figure 1.2 (Ashby plot of strength vs
density for engineering materials), foamed materials deliver significant strength for very low

densities, which shows great promise for use in protection.

Both esthetics and cost efficiency are important when designing structures in today’s society.
It is therefore important to create efficient protective designs without compromising the safety
of the structure. A proposed way of doing this, is to use the protective cladding as thermal

insulation of the building. Many polymeric foams are relatively strong and exhibit good



energy absorbing qualities, as well as low thermal conductivity. This makes them suitable to
use in thermally insulating protective cladding. It was therefore decided to study the response
of a sandwich configuration with a rigid polymer foam core made from a typical insulation

material. Sundolitt XPS [2] (extruded polystyrene) was chosen for this purpose.

In this study, impact and blast experiments were performed on sandwich panels with polymer
foam cores, made from extruded polystyrene, and steel skins. The experiments were used to
investigate the response of such a sandwich configurations. Focus was on the energy

absorption of the sandwich panels.

Further, the performance of the foam sandwich panels where investigated using numerical
modelling in LS-DYNA. Compressive tests were performed on the polymer foam in order to
derive a numerical material model. The numerical models of the experiments were not
calibrated to the experimental data but were based on rough assumptions and engineering
judgment. Thus, the numerical results serve more as a proof of concept with regard to the
numerical modelling. Nevertheless, the numerical results were compared to the experiments
in order to validate to which extent the response could be predicted numerically using a basic
model.
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Figure 1.2: Ashby chart of strength vs. density for typical engineering materials [3]



2 BACKGROUND

2.1 STATE OF THE ART

The protection of critical infrastructure against blast loads, has received a lot of attention the
last couple of years [4] [5] [6] [7] [8]. Loading during such events often involve complex
interaction between the structural geometry and the blast wave. To be able to predict the
structural response under blast loads, it is important to have a good understating of the
material behavior and the structure-blast wave interaction. As full scale testing often is not a
feasible approach, blast resistant design rely on numerical modeling and small scale testing.
The classical approach to protective design assumes rigid reflections of the shockwave.
Although this assumption generally is on the safe side, the predicted deformations and

internal forces are usually significantly overestimated, resulting in overly conservative design.

The most obvious and effective way to mitigate the blast wave, is to increase the distance
between the source and the target. However, the limited space of urban areas creates the need
for innovative and optimized protective designs. Research into fluid-structure interaction has
shown that flexible structural response can have a positive effect on mitigating the blast load
on the structure [9] [10]. This implies that energy absorption through the deformation of
structural members can be favorable with respect to the structural response, as part of the blast
wave is absorbed. With this in mind, the design can be optimized and cost effective, without

compromising safety.

Adding sacrificial cladding to the surface of a structure is a way to protect against blast loads.
The idea behind such protection is to let non loadbearing parts deform and absorb the energy,
reducing the loading on important structural components. Such protection is proposed in
many different forms, and the materials used vary greatly. However, using a sandwich
configuration with a energy absorbing core and structural skins appears to be a widespread
solution. Some researchers propose complex geometric designs such as a honeycomb
structure [11] , or a sandwich with corrugated steel plates [12]. Solutions based on a sandwich
configuration are usually easy to manufacture and mount. Typically, cellular metallic foams
has been a popular choice to use as a core material, due to their ability to sustain large plastic
deformations at nearly constant stress, which allows for significant energy absorption and
relatively low force transfers. But several other cellular materials, such as polymer foams,

exhibits similar behavior and might be well suited as core materials as well. The sandwich



panels are effective in blast protection since the progressive collapse of the core material
absorbs energy, while the skins maintain the structural integrity of the panels. The
performance of protective cladding of various designs has been investigated by numerous
researchers [13] [14] [15] [12] [16], and there appears to be a general consensus that foam-

cored sandwich panels performs well.

Radford et al. [16] compared the shock resistance of monolithic plates to sandwich
constructions with a metallic foam core of equal area mass. The shock resistance was
measured by loading the mid-span of clamped plates with metallic foam projectiles. It was
found that the sandwich structures outperformed the monolithic plates at sufficiently high

projectile momentum.

Mazurkiewicz et al. [13] investigated the blast resistance of supporting elements when a
metallic foam protective cover was used. It was found that the protective cover was very
effective in blast protection, but the performance was sensitive to various design parameters
such as panel thickness and stiffness and strength of the materials. The researchers managed
to obtain very satisfying results by optimizing these parameters. This suggests that a case by

case optimization of the design parameters could yield very effective blast resistant design.

An advantage of protecting structures with sacrificial cladding, is that it can be designed
either to be retrofitted onto existing structures, or it can be incorporated into the initial design.
By incorporating the protection into the facade of a structure, the components can be designed

to serve multiple purposes, such as doubling as thermal insulation.

The use of polymer foams as energy absorbents under blast loads has been studied by several
authors [17] [18] [19], but nowhere near as much as the metallic counterparts. However,
various research on the mechanical behavior of polymeric foams exist [20] [21] [22] [23] [24]
[25]. Among these, an interesting study was performed by Daniel et al. [21], who investigated
strain rate effects on the material behavior of a closed-cell polymeric foam (PVC foam). They
found that the plastic material response, i.e. yielding, the plateau stress and strain hardening,
varied linearly with the logarithm of the strain rate, while the initial (elastic) response was

strain rate independent.

At the given time, the research on the behavior of extruded polystyrene (XPS) foam is rather
limited [26] [27].



2.2 PROTECTIVE CLADDING AND POLYMER FOAM

Adding protective cladding to the surface of a structure is a way of protecting the structure
from dynamic loads such as explosions. However, the cladding can be heavy and might not be
very appealing to hang on the facade of a building. It is therefore proposed to incorporate the
thermal insulation used in the fagade, into a sandwich panel that will double as protective
cladding. Sandwich structures consist of layered structures of different materials and/or
geometry. The type of sandwich structure considered in this study is a simple configuration
with a closed-cell polymer foam core (Sundolitt XPS [2]), surrounded by two relatively stiff
steel skins (Docol600DL [28]). The performance of such panels is highly influenced by the
core material and geometry. The foam core controls the energy absorption and the transfer of

forces through the structure.

2.2.1 Extruded Poly Styrene (XPS)

Sundolitt XPS is a rigid closed-cell polymer foam based on the monomer styrene (CgHs). It
has high relative strength, low weigh, low thermal conductivity, and a long life span. It is
produced as continuous foam sheets by extrusion machines. Molten polystyrene is mixed with
a blowing agent (typically HCFCs or CO2) and other additives before it is extruded through a
flat nozzle which gives the boards their desired profile and thickness. After cooling down the

sheet is cut down to the desired lengths.

It should be noted that XPS is highly flammable. For this reason, not all XPS products might
be suitable to use as thermal insulators due to building regulations. It is however possible to
add flame retardants to the foam, such that it meets building and fire codes. A commonly used
flame retardant in XPS foam is HBCD (HexaBromoClodoDecane). The fire safety of
Sundolitt XPS has not been further addressed in this study, as the main object has been the

structural response to blast loading.



Polymer foam

Polymer foams have several appealing qualities that makes them attractive to use for a wide
range of applications in various parts of the industry. They are lightweight, have low thermal

conductivity, high strength to weight ratio, high acoustic damping and high energy absorption.

The constitutive behavior of closed-cell cellular materials, such as XPS, have been
extensively investigated and explained in many publications [29]. The subject is therefore

only briefly explained here.

The response of closed-cell cellular materials under compressive loads, are generally
characterized by three distinct stages of the stress strain curve (see Figure 2.1). The initial
response occur for low strains, and is nearly linear elastic. The stresses in this stage are caused
by elastic stretching, contraction and bending of the cell walls and edges. The linear elastic
stage is followed by a long plastic plateau where compaction of the material results in only a
small stress increase over a wide range of strains. The stress plateau is a result of successive
buckling, fracture and plastic collapse of the cells. The small stress increase over this stage is
caused by the cell faces capacity to carry membrane stresses. The third stage is a region of
densification, in which the stress rises rapidly. When the strain reaches a critical level
(densification strain), almost all the cells collapses. As a result, the collapsed cell walls

contact each other causing the stiffening of the material response.
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Figure 2.1: Typical stress-strain curve for closed-cell cellular materials



For protective cladding to perform satisfyingly, it is vital that a large amount of energy is
absorbed while keeping the force transfer through the cladding as low as possible. The energy
that is absorbed by the material is related to the area under the stress-strain curve. A stress
plateau, such as exhibited by polymeric foam, allows for a great amount of energy to be
absorbed, while the low stress level keeps the force transfer low. Thus, polymeric foams show

great promise as energy absorbents in protective cladding.

2.3 DYNAMIC LOADING

2.3.1 Blast loading

The protection of structures against blast loading has gained a lot of attention over the last
couple of years. As a result, the need to be able to design structures that are blast-resistant has
become more relevant. In order to develop efficient and accurate blast-resistant designs, it is

important to understand the blast load phenomenon.

The blast phenomenon

An explosion can be defined as a large-scale, rapid and sudden release of energy [30].
Explosions are often categorized according to the system that the released energy was

originally stored in, i.e.:

e Physical - Physical explosions are caused by mechanical forces. E.g., the fracture of a
pressure vessel.

e Nuclear — Nuclear explosions occur as energy is released from a high-speed nuclear
reaction.

e Chemical - Chemical explosions occurs as a result of a rapid exothermic chemical

reaction.

Chemical explosions are the main concern in design as such explosions are the most common
source of both accidental and intentional blast loading. They are usually categorized based on
the way the explosive energy propagates, i.e. if it deflagrate or detonate. Low explosives
deflagrates, and are characterized by a subsonic gradual increase in overpressures. High

explosives on the other hand, detonates, and are characterized by a supersonic high intensity



shock wave. Figure 2.2 illustrates the difference between a typical deflagration wave and a

typical detonation wave.
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Figure 2.2: Typical deflagration and detonation wave

The typical demand for blast-resistant designs, is protection against the blast pressure caused
by the detonation of high explosives. When an explosive detonates, a very rapid and stable
chemical reaction propagates through the explosive material, at what is called the detonation
velocity. This chemical reaction converts the explosive into a very hot and dense gas. The gas
expands to occupy lower pressure space in the surrounding air, forming a high intensity
pressure wave that is transmitted spherically (in free air) away from the center of the
explosion. As a result, the air surrounding the blast also expands causing a layer of
compressed air, called a shock front, in front of the blast wave. As the blast wave expands,

the strength and wave velocity decreases, and the duration lengthens.

The following theory can be found in Aune et al. [31].

Idealization of the blast wave

Generally, blast loading is a complex phenomenon which needs to be investigated using a
coupled fluid dynamics model, or to be simplified for design analysis purposes. Figure 2.3
show the idealized pressure-time history of a blast wave caused by an explosive detonation. It
is characterized by a near instantaneous increase in pressure, from the ambient atmospheric
pressure Pa, to a peak incident overpressure Pso. As the shock front expands, the pressure
decays exponentially until it reaches the ambient pressure Pa. This constitutes the positive

phase of the blast wave. Following the positive phase, a phase of suction (negative pressure)



is initiated. The negative phase is a result of an overexpansion caused by the momentum of

the expanding gas.
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Figure 2.3: Idealized pressure time history of a blast wave

When a structure interacts with a blast wave, the structural geometry, properties and relative
orientation between the structure and the wave direction is important. When a blast wave
interacts with a structure with complex geometry and/or the orientation is not parallel to the
wave direction, the wave may be reflected and reinforced. The reflected pressure might be
significantly greater than the peak pressure of the blast wave. Therefore, the reflected peak

pressure should be used for design purposes.

For design purposes, the negative phase is usually neglected, as the positive phase is
associated with the most significant structural damages. It should however, be considered
when the total structural response is investigated, and not only the structural integrity. The
positive pressure-time history is often represented by the Friedlander equation:

t\ -bt
P(t) =P, + B (1 - t—) e t+, (2.2)

+

where P, is the ambient pressure, Py is the peak reflected pressure, b is the exponential decay

coefficient, and t+ is the duration of the positive phase.

The specific impulse of the blast wave is given as the area under the pressure-time history

curve, which may be expressed as:



ta+ts
Ly = j P.(t)dt 2.2)
t

a

For the Friedlander equation, the analytical solution is given by:

Pt
iy = Z—; [b—1+eP] (2.3)

2.3.2 The Shock-Tube facility at SIMLab

To investigate the effects of blast loading on the proposed sandwich structures, the shock tube
facility at SIMLab was used. The shock tube is a good alternative to detonating high
explosives since it can produce a repeatable uniform shock wave under controlled conditions.
The shock tube has been thoroughly studied by several researchers at the department of
structural engineering at NTNU. They found it to produce similar pressure-time

characteristics as actual far field explosive detonations [32].

The shock tube facility at SIMLab is made from P355NH stainless steel, and it is designed
according to I1SO 2768-1. It consists of a long tube ending in a dump tank. The overall length

of the tube is 18.275 m. The tube is divided into the following sections;

e The driver section

e The firing section

e The driven section
e The window section
e Expansion 1

e Expansion 2

e The dump tank

2
s

= S c
Niri o Pressure sensor  Lest specimen
Firing section \
¢ 409 & 410 -

I / \
'ulc m DRIVEN 000||| 5 S % S ) |~ 73° [|TANK
B ) N b

Window section

: ;'/1,
0.77m 16.12m : ~ 1.70m | {

Figure 2.4: lllustration of shock tube setup [32]
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Figure 2.5: The shock tube facility at SIMLab

Figure 2.6: Firing section without membranes Figure 2.7: Firing section with membranes
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The driver section is a 2.02 m long tube with a circular cross section. The inner diameter of
the tube is 0.331 m. The volume of the driver section can be adjusted with inserts that limit
the inner length of the tube. Different loading conditions can be achieved by adjusting the

volume of the driver section.

The firing section that follows the driver section consists of two intermediate pressure
chambers that are separated by membranes. These membranes are designed to rupture in order
to trigger the shockwave. The membranes can be made of different materials, but SIMLab
currently uses membranes made from the polyester Melinex. A combination of different
membrane thicknesses are chosen based on the desired firing pressure. The two intermediate
chambers are pressurized in sync with the driver section at approximately 2/3 and 1/3 of the
driver pressure. Thus, the pressure differential is achieved stepwise. When the driver section
reaches the desired pressure the membranes are ruptured to release the shockwave. The
membranes are ruptured by venting the intermediate pressure chamber closest to the driver
section. When this chamber is vented, the pressure differential loads the membranes past their
capacity resulting in the rupture of the membranes. However, venting the intermediate
chamber causes a slight expansion of the volume in the driver section prior to membrane
rupture, and subsequently a slight drop in driver pressure. It is therefore necessary to

pressurize the driver section slightly higher than the desired firing pressure.

The driver section gradually changes the cross section from circular to 0.3 m x 0.3 m square.
The driven section is followed by the window section. This section has windows on three
sides of the square tube, and is used to investigate the interaction and flow around objects.

The driven section is extended past the window section by extension 1 and 2.

The tube ends with a clamping rig for test specimens, encased in a dump tank. The volume
expansion of the tank serves to lower the pressure after the experiment, while it contains the
blast wave and protect the surrounding structure and test equipment such as high-speed

cameras.

When the membrane ruptures the sudden release of the pressurized section causes a uniform
shockwave to propagate down the low-pressure driven section. This can be illustrated by the
simple shock tube showed in Figure 2.9 and the 4 different stages of the shock wave as it
propagates through the tube showed in Figure 2.10. Figure 2.10 a) shows the pressure state in
the tube just as the membrane ruptures. The driver section is at constant pressure ps, and the

driven section at constant pressure p1. In Figure 2.10 b) the membrane has ruptured, and the
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incident shock wave is propagating into the driven section with the constant pressure p:
behind the shock front. The contact surface between the driven gases and the driver gases
moves in the same direction, but at a lower velocity. At the same time a rarefaction wave
travels back into the driver section. This rarefaction wave reflects of the end of the driver
section and propagates towards the end of the shock tube as shown in Figure 2.10 c¢). The
pressure behind the wave is now ps. Figure 2.10 d) shows how the incident shock wave is
reflected by the end of the shock tube, and the reflected pressure rises to ps. It should be noted
that interaction between reflected waves and wave fronts will cause pressure peaks throughout
the experiment. However, the time window of interest is limited to the duration of the positive
phase and thus such peaks is often of no concern. However, at high driver pressures, they

might result in secondary and tertiary peaks during the positive phase (see Figure 2.8).
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Figure 2.8 Secondary and tertiary reflections in the shock tube
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Figure 2.10: Shock wave propagation in a shock tube [33]

2.3.3 Drop tower impact system

The Instron CEAST 9350 is a floor standing impact system. The rig contains a striker that is
dropped on a test specimen. The striker is given the desired impactor shape and mass prior to

14



the test. The rig incorporates a spring system that allows the falling mass to achieve velocities
higher than the terminal velocity. It is designed to deliver impacts at up to 24 m/s, with a

maximum Kinetic energy of 1800 J [34].

There are several advantages of using a drop tower impact system to investigate specimens
behaviour under impact loads. The rig takes accurate force measurements at a high frequency,
and the experiments are easy to control and repeatable, which gives a good basis for

comparing experimental results.

2.4 DIGITAL IMAGE CORRELATION (DIC)

Digital Image Correlation (DIC) is a non-contact optical measuring technique used to track
displacement fields in mechanical experiments. Rapid development in computer hardware and
high-resolution digital imaging over the last decade has made DIC a viable measuring
technique, which is widely used today. High image resolution makes the technique accurate,
and since it does not rely on contact with the specimen, the technique is often preferable to
other measuring methods such as extensometers. DIC is primarily used as a post processing
technique, but it can also be applied as a way to track points in real time during experiments.
3D deformation patterns, like out-of-plane deformation, can be tracked by using more than
one camera. For such an application, a proper calibration of the camera positions need to be
performed in advance. To calibrate the camera model i.e. the relationship between image
coordinates and 3D target coordinates, a set of image pairs are taken of a calibration target
with known geometry. In this study, a cylinder with 80 mm diameter were used as a
calibration target. The cylinder was covered in a checkerboard pattern with 6.527 mm
squares. A camera model optimization is then performed to extract the corresponding image

and target coordinates.

To prepare specimens for a DIC analysis, the surface of the specimen is coated with a random
pattern of unique points prior to the experiments. The pattern is photographed with short
intervals during the test. The image series is then post processed with special DIC software.
First, a surface mesh is generated on the patterned surface in the undeformed configuration,
the mesh is related to the position of individual unique points, and grayscale values in the

pattern. Then the software uses a tracking algorithm to track the movement these points from
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image to image, and the mesh is deformed accordingly. The mesh deformation can then be

used to get the desired output. DIC is however limited to tracing surface deformations.

In the present work, the 3D DIC software ECorr [35] developed at SIMLab, is used as a tool
to measure the response of the test specimens in the experiments performed in the shock tube

and the drop tower. DIC is also used to track the displacement in the material compression

tests.

Figure 2.11: Typical DIC pattern Figure 2.12: Illustration of stereovision setup
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3 MATERIAL MODEL & IDENTIFICATION OF PARAMETERS

3.1 STEEL MODEL

The steel skins used in the current study are made from 0.8 mm thick plates of Docol600DL
steel. Docol600DL is a dual-phase, cool-rolled steel manufactured by Swedish Steel Ltd
(SSAB). It has medium strength with high hardening. During production, the steel receives a
heat treatment that results in a two-phase structure with ferrite and martensite. The ferrite
gives the steel good formability, while the martensite gives high strength properties. Table 3.1

gives the chemical composition of the material, as reported by the manufacturer [28].

Table 3.1: Chemical composition of Docol600DL [28]

C [%] Si [%] Mn [%] P [%] S[%] Altot [%6]
0.10 0.40 1.50 0.010 0.002 0.040

3.1.1 Constitutive model

Due to the high strain rates associated with blast loading, a thermoelastic-thermoviscoplastic
material model suggested by Bervik et al. [36], was chosen to describe the steel material. This
model is based on a slightly modified version of the constitutive relation proposed by Johnson
and Cook [37], and continuum damage mechanics as proposed by Lemaitre [38]. This model
is implemented in LS-DYNA as *MAT_107, and is well suited for large plastic strains, high
strain rates and temperature softening of an isotropic material. Fracture is described using the
Cockcroft-Latham fracture criterion [39]. The theory behind application of the constitutive

material model can be found in [36], but is summarized briefly in the following.
The yield function is defined by:
f= 0eq— (00 +R) <0, (3.1)

where oy is the yield stress and R is the isotropic hardening, while the equivalent stresses can

be expressed by the constitutive equation:
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Oeq = [1+pr][1—-T""] (3.2)

2
o+ ) Qi1 e~Cw)
i=1

Where oeq is the equivalent stress and p is the equivalent plastic strain. oo represents the initial

yield strength and Qj, Ci, ¢ and m is material constants. While p* is a dimensionless strain rate

given by:

_P
Po

p* (3.3)

Where p, is a user defined reference strain rate. T~ is a normalized temperature, defined by:

(3.4)

Where T is the absolute temperature, T, is the room temperature and T is the melting

temperature of the material.

The first term of the constitutive equation can be recognized as the two-term Voce hardening
rule. The following two terms represent a strain rate correction term, and a temperature
correction term respectively. If it is necessary, temperature change due to adiabatic heating

effects can be expressed as:

AT = fp)(ﬁdp (3.5)
o PG

Where p is the material density, Cy is the specific heat and y is the Taylor-Quinney

coefficient representing the proportion of plastic work converted into heat.

3.1.2 Material tests & numerical model

The material parameters oo, Qi and C; may be obtained by inverse modeling material tensile
test using FE. No material tests were performed on Docol600DL in this study, as the material
has been thoroughly studied in previous work at SIMLab. All the necessary material
parameters are therefore taken from previous work [40]. The applied material parameters, and
physical constants are given in Table 3.2 and Table 3.3. Figure 2.1 is taken from [40], and
shows the nominal (engineering) stress-strain curves for representative uniaxial tension tests

and the optimized Voce hardening rule corresponding to the parameters given in Table 3.2. It
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can be seen that the material exhibits the same properties in all directions (isotropic) and the

FE model is capable to predict the material test really well.

Table 3.2: Material parameters for the modified Johnson-Cook constitutive relation for Docol600DL

[40]

oo[MPa] Qi[MPa] Ci[-] Q2[MPa] Ca[] c[] m [-]
370 236.4 39.3 408.1 45 0.001 1.0

Table 3.3 Physical material constants for Docol600DL [40]

E[GPa] v[] oplkg/m’] «[KY Cp[lkgKl %[ Tr [K]
2100  0.33 7850  12x10° 452 0.9 293
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Figure 3.1: Nominal (engineering) stress-strain curves for uniaxial tension test on Docol600DL and

FE solution corresponding to the material parameters in Table 3.2 [40]
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3.2 FOAM MODEL

Commercially available extruded polystyrene (XPS) foam sheets, produced by Sundolitt [2],
were used as the core material in the current study. Foams with three different average
densities was investigated; XPS250 with a producer specified density of approximately 33
kg/m?3, XPS400 with a producer specified density of approximately 37 kg/m® and XPS700
with a producer specified density of approximately 50 kg/m?® [41].

3.2.1 Constitutive foam model

As stated by Reyes et al. [42], several constitutive models for foam exist in the literature [43]
[44]. However, not all of these models are suited for the current study. The numerical
analyses used in the current study are quite computational demanding, and therefore it was
decided to use a relatively simple, but accurate model to represent the foam material. For this
reason, the constitutive model suggested by Deshpande and Fleck [45] was chosen. This
model was implemented in LS-DYNA as *MAT _154 by Reyes et al. [42]. The applied model
an theory is based on their work and is briefly summarized in the following.

The so-called Deshpande-Fleck model [45] can be regarded as an extension to the von Mises

yield criterion where hydrostatic stresses are incorporated. This incorporation is important due

to the change in volume when foam cells collapse. The yield function is defined by:
p=6-Y<0, (3.6)

where the yield stress Y can be expressed as:

Y = 0, +R(®) (3.7)

R(€) represents the strain hardening, op represents the plateau stress and £ the equivalent

strain. The equivalent stress,d, is given by:

1
6 =—————=[02 + a?c’], 3.8
1+ (%/3)] 49

where o is the von Mises effective strain, and om the mean stress. The parameter o is a

function of the plastic coefficient of contraction vP, and describes the shape of the yield

surface. a is defined as follows:
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9(1—2vP)

2 _ ~
2 (14+vp)

(3.9)

The material properties of foam are greatly dependent on the foam density. In order to easier
let the hardening be density dependent, Reyes et al. introduced a slightly modified version of

a hardening model suggested by Hanssen et al. [46]:

£ 1
c=0,+v—+ a,In|l———|, 3.10
p VSD 2 [1 _ (S/ED)BI ( )

where v is a linear strain-hardening coefficient, a2 IS a non-linear scale factor, and f is a non-
linear shape factor. Further, € is the true strain, and ¢p is defined as the densification strain. If
the plastic coefficient of contraction is assumed to be zero, the densification strain can be

expressed as:

Where pr and pro represents the density of the foam and the density of the base material
respectively. Furthermore, the material parameters oy, y, a2 and B, can all be expressed as a

power law function of the relative foam density:

p
{op, a2, 7,8} = Co + €y <p;0> (3.12)

Where Co, C1 and n are calibrated constants for each material parameter.

3.2.2 Material tests

To obtain the necessary material data to create a numerical model of the XPS foam, a series of
uniaxial compression tests was performed. Three different foam densities, with specified

compressive strength of 250, 400 and 700 kPa respectively, were tested. [41]

Specimens were cut from foam sheets with a specified thickness of 50mm, forming cubes
approximately 50x50x50mm. A total of 5 cubes were cut for each of the three densities. To
obtain accurate material data, the specimens were weighed, and the dimensions thoroughly
measured. The density was calculated based on these measurements. These can be found in
Table 3.4.
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Uniaxial compressions tests were preformed in an Instron universal testing machine, with a
100 kN load cell. The specimens were oriented such that they were loaded through the
thickness of the foam sheets. The load was applied as quasi-static displacements at
approximately 0.05 mm/s. A DIC camera was used to capture the displacements, while the

load cell logged the forces.

Table 3.4: Measurements of the test specimens

Measured

Test Avg. Length Avg. Width Avg. Height Density
Specimen Weight [g] [mm] [mm] [mm] [kg/m?]
XPS-250-1 4.20 50.07 49.84 51.15 32.897
XPS-250-2 4.32 49.96 49.87 51.59 33.609
XPS-250-3 4.24 49.90 49.81 51.54 33.094
XPS-250-4 4.16 50.03 49.85 50.93 32.751
XPS-250-5 4.40 49.98 49.88 51.54 34.246
XPS-400-1 4.96 50.36 49.88 53.00 37.256
XPS-400-2 4.90 49.85 50.04 53.01 37.063
XPS-400-3 4.90 50.00 50.06 53.01 36.932
XPS-400-4 5.02 50.00 50.01 52.87 37.972
XPS-400-5 5.10 50.01 50.20 52.43 38.749
XPS-700-1 6.34 50.25 50.27 50.05 50.140
XPS-700-2 6.26 50.21 50.21 49.56 50.106
XPS-700-3 6.38 50.23 50.19 50.21 50.399
XPS-700-4 6.40 50.26 50.32 50.29 50.323
XPS-700-5 6.36 50.26 50.21 50.20 50.194

An interesting observation was made by weighing the specimens both before and after
compression. It was observed that the weight increased when the foam was compressed. This

may indicate that the blowing agent used in production of the foam is a gas lighter than air.
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a) Foam test specimen b) Foam test specimen meshed in LS DYNA

Figure 3.2: Typical foam test specimen

Figure 3.3: Test specimen in the test rig

3.2.3 Numerical model

The raw data gathered from the tests were processed with MATLAB [47] to obtain the stress-
plastic strain relationship necessary for the material model. First, the engineering stresses and
strains where calculated according to:
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S = A_O (313)
o= AL (3.14)
Ly

Where F is the applied force, Ao is the initial cross sectional area, AL is the measured

elongation and Lo is the initial height of the specimen.

The engineering strains were then converted to true strains:

e=—In(1-e) (3.15)
Note that the engineering strain is defined positive for tension.

The Poisson’s ratio is assumed to be zero, which results in the true stresses be equal the

engineering stresses. Thus, the engineering stress was used without modification.

To get the plastic response of the material, it was necessary to eliminate the elastic response in
the data. To do this the elastic stiffness was estimated. There is however, a lot of uncertainty
when estimating the elastic stiffness based on experimental test, mainly due to the elastic
response of the test rig. Thus, the estimated stiffness modulus, while being sufficiently
accurate to the eliminate elastic response (of both the machine and the test material), were not
considered accurate enough to describe the linear elastic behavior in the material model. It
was therefore chosen to use the elastic modulus specified by Sundolitt [41] for this purpose.

Using the curve fitting toolbox in MATLAB [48], the hardening model was fitted to the
derived data points by optimizing op, v, a2 and B. Figure 3.5 shows the results plotted together
for each density. One set of representative material parameters were chosen for each of the
three densities to use in the numerical study of the experiments. The chosen parameters are
taken from the test specimens XPS-250-03, XPS-400-01 and XPS-700-03, and are
summarized in Table 3.5, and plotted in Figure 3.6. These models were chosen as

representative since they appear to exhibit the average behavior for each foam density.

Table 3.5: Material parameters for Deshpande-Fleck material model

Material  pr[kg/m®] E[MPa] op[MPa] y[MPa] e [-] a2[MPa] B[]

XPS-250-03 33.09 9 0.255 0.794 3.448  28.080 5.439
XPS-400-01 37.26 15.3 0.402 0.700 3.329  23.858  5.152
XPS-700-03 50.40 31 0.745 0.156 3.027 25322 4.464
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The uniaxial compression were analyzed numerically in LS-DYNA to validate the material
models. The foam specimen cubes where modeles with 1000 elements, and for simplicity the
imposed displacements and boundary conditions were introduced directly on the nodes, i.e.
and the analysis were modeled contact free. The analysis was stopped after 45 mm
compression. Figure 3.7 shows a comparison of the force-displacement response between the
compression tests and the LS-DYNA analysis.

Figure 3.4: Typical foam specimen during compression test compared to LS DYNA simulation
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Figure 3.7: Comparison of the response between LS DYNA simulations and the experiments

3.2.4 Density dependent model

A density dependent model was extrapolated from the material data found from the
compression tests. By making the material parameters density dependent, it possible to study
foam densities that were not tested. However, since the model is built on only a few quasi-
static compression tests, this model is only used to study the sensitivity of the material model
with respect to foam density, within the density range tested. The material model was
constructed by fitting the power-law function (equation 3.12) stated above to the material
parameters found for each compression test. The value of each material parameter was plotted
against that specific specimen’s density (Figure 3.8), and the curve fitting toolbox [48] in
MATLAB was used to fit the equation constants. The constants for each material parameter
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are given in Table 3.6. It should be noted that the density dependent model includes some

additional material test.

Figure 3.9 shows a typical comparison between the density dependent material model, the

directly fitted material model and the experimental data. Since the density dependent model is

generic for all densities, some deviation from the experimental data can be expected. However

the model fits with reasonable accuracy.

Table 3.6: Calibrated constants for density dependent material model

Op 7
Co 0 1.410
C1 828.6 -2009
n 2.335 2.497
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4 EXPERIMENTAL PROGRAM

4.1 INTRODUCTION

The experimental program consist of two different type of experiments. Section 4.2 describes
the experiments performed in the drop tower rig at SIMLab [49], while Section 4.3
concentrates on experiments performed in the SIMLab shock tube facility [50].

The drop tower rig was used to investigate the behavior of the polymer foam under low
velocity impact loads. Using a dropped mass rig is a controlled and easily repeatable way to
measure the dynamic response of the specimens. A series of drop experiments where
performed on sandwich panels with steel skins and polymer foam cores of different density
(XPS250, XPS400 and XPS700) both with and without a front-plate, at three different
velocities. No bonding agent was used between the skins and the foam core. The steel skins
were also tested without a foam core. An overview of the experiments performed is given in
Table 4.1. An Instron CEAST 9350 drop tower impact system [34] was used for the
experiments. The test specimens where impacted with a falling mass, and the force response
was measured using a load cell in the rig. The primary goal of the experiments were to
quantify the the energy absorption and the force response of the polymer foam, and to obtain a

baseline for comparison with FE analyses.

The shock tube facility was used to recreate loading conditions similar to those that occur
under explosive detonations. The shock tube offers a controlled alternative to detonation of
explosives, which makes replicating the experiments easier. Only the lowest foam density,
XPS-250, were studied. A total of five tests were performed. Three foam plates with a
nominal thickness of 50mm, were tested as the core material in a sandwich structure. The
panels were subjected to three different blast loads. Further, one foam plate were tested
without a steel front plate (XPS250_35), and one test was done on the steel plates without a
foam core (D600_60). No bonding agent was used between foam and the skins. An overview
of the study is given in the Table 4.4, all values in the Table are nominal. The primary goals
of the experiment was to observe the response of the polymer foam sandwich under blast load

conditions, and to get a basis for comparison to numerical analyses.
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4.2 DROP TOWER

A total of 22 test were performed in the drop tower rig. Foams with different densities were

tested, both in a sandwich configuration and without a front plate at three different impact

velocities. In addition three more test were performed with no foam core, for the same

velocities as the previous tests. This test program was chosen to investigate the effect of the

foam core densities and the interaction between the core material and the front plate. The test

on the steel skins alone serve to give an indication on the contribution of the skins with

respect to energy absorption. The experimental program is summarized in the Table 4.1.

Table 4.1: Experimental program for the drop tower

Test Core Thickness Density  Front Impact Velocity
Material [mm] [kg/m3] plate? Mass [kg] [m/s]

XPS-250-049S XPS-250 50.7925 33.1218 YES 14.895 4.9
XPS-250-049 XPS-250 50.8275 33.1138 NO 14.895 4.9
XPS-250-07S XPS-250  50.845  33.0753 YES 14.895 7

XPS-250-07 XPS-250 50.8325 33.2001 NO 14.895 7

XPS-250-10S XPS-250  50.7225 33.1354  YES 14.895 10
XPS-250-10 XPS-250 50.7625 33.1035 NO 14.895 10
XPS-400-049S XPS-400  52.855  37.2014 YES 14.895 4.9
XPS-400-049 XPS-400 52.7225 37.4572 NO 14.895 4.9
XPS-400-07S XPS-400 52.75 37.2868  YES 14.895 7

XPS-400-07 XPS-400 52.8 37.2001  NO 14.895 7

XPS-400-10S XPS-400  52.7475 37.2954  YES 14.895 10
XPS-400-10 XPS-400 52.7675 37.2200 NO 14.895 10
XPS-700-049S2 XPS-700  50.185  50.3507 YES 14.895 4.9
XPS-700-049 XPS-700  50.1975 50.3869 NO 14.895 4.9
XPS-700-049S XPS-700  50.145 50.3644  YES 14.895 4.9
XPS-700-07 XPS-700  50.065 50.3799 NO 14.895 7

XPS-700-07S XPS-700  50.4475 50.2014 YES 14.895 7

XPS-700-10 XPS-700  50.355 50.2838 NO 14.895 10
XPS-700-10S XPS-700 50.4175 50.3487 YES 14.895 10
DOCOL600DL-049 - 0.8x2 7850 - 14.895 4.9
DOCOL600DL-07 - 0.8x2 7850 - 14.895 7

DOCOL600DL-10 - 0.8x2 7850 - 14.895 10
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421 TestSet-up

Impact tests were performed on an Instron CEAST 9350 drop tower impact system [34]. The
standard instrumented striker and striker-holder were used in conjunction with a large surface
rounded impactor (see Figure 4.3 for the geometry). The striker and holder have a combined
mass of 5.735 kg, and the impactor has a mass of 1.660 kg. This gave a total impacting mass
of 7.395 kg. However, after performing two initial tests on the rig, it became apparent that the
recoil of the impactor would be too violent. To keep the impactor from bouncing too high
after impact, additional weights were added to achieve a total impacting mass of
approximately 15 kg (14.895 kg).

The test rig uses a load-cell to measure the forces acting on the impactor during the
experiment. In addition to the force measurements, two Phantom v1610 high-speed cameras

were used to capture a stereovision image series of the back plate, suitable for DIC.

A thorough experimental study were performed by testing all three foam densities at 4.9, 7
and 10 m/s. Square foam specimens of dimension 400 mm x 400 mm x 50 mm were tested
both as a sandwich structure, with steel plates on either side, and without a front plate. Tests
were also performed on the steel skins alone, i.e. double steel plates. All the tests were
performed without any bonding agent between the layers. The specimens were bolted to a
circular frame with an inner diameter of 300 mm using 12 equidistant M12 bolts. For the tests
performed with a front plate, the bolts were tightened to 2 Nm using a torque wrench, while
the bolts were only tightened by hand, to keep the foam from deforming, when no front plate
were used. An overview of the study is given in Table 4.1. The thickness and density given in

the Table are based measurements.
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b) Foam specimen without front
plate bolted in place

a) The drop tower test rig ¢) Sandwich test specimen bolted in
place

Figure 4.1: Test set up

4.2.2 Data processing

The rig’s load-cell logged the force-time history at a sampling frequency of 0.5 MHz (time
step At = 2 x 10 s). This provides sufficient information to compute the velocity- and
displacement-time history for the tests. An optical sensor in the rig measured the velocity of
the impactor just before impact, it should be noted that the distance from the sensor to the
specimen is significant enough that it is reasonable to expect the impact velocity to be slightly
higher than the measured value. This has however been disregarded in the following. The
incremental velocity change is calculated by numerical integration of the acceleration, which
can be found from Newton’s 2" law. The current velocity is then calculated by an iterative
process described by;

F,.1+E
Un+1 = Vp — (% - g) At, (4.1)
(4
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where vn+1 IS the current velocity, vy is the previous velocity, Fn+1 is the current force, Fn is
the previous force, mp is the impacting mass, g is the gravitational accelerations and At is the

time step.

Further, the displacements after impact can now be calculated by a similar iteration scheme

based on the velocities;

Unyy + vn) At, (4.2)

un+1:un+< 2

where un+1 is the current displacement and un is the previous displacement.

Force correction

The load-cell used to capture the forces in the drop-tower is placed behind the impactor. As a
result of this, a considerable mass is located ahead of the load-cell. It is therefore necessary to
derive a correlation between the forces measured by the load-cell, P, and the forces acting on

the specimen. F. Figure 4.2 shows an illustration of the striker setup.

sukes =

e < |
119 mm

+—

TF 127.8 mm

Figure 4.2: Striker setup Figure 4.3: Impactor geometry

By using Newton’s second law of motion. P and F can be expressed by:

P == mljél + mlg (43)
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Setting up the force equilibrium then results in:

F=(1+ 2_9 P, (4.5)

where my is the mass of the impactor, m; is the rest of the impacting mass and P is the forces
measured by the load-cell.

4.2.3 Experimental results

As mentioned earlier, the main objective of these experiments was to learn more about the
material properties under impulse loading. The main material property investigated is the
energy absorption of the foam material. Further, the amount of compression of the foam is of
great interest. Unfortunately, problems occurred when post processing the DIC measurements,
so those results are absent. Ideally the test specimens should have been bisected and measured

after the experiments, however that was not done in the current work.

Since the energy can not be measured directly during the tests, it is necessary to measure other
physical parameters that can be used to derive the work i.e. the energy absorbed. In this case,
the force-time history was captured by a load cell in the rig. The data captured during the
experiments were processed using MATLAB [47] according to the procedure described in the
previous section. The forces, velocities and displacements were used to calculate the impulse,
and the work done by the test specimen i.e. the energy absorbed, for each experiment. The
impulse is calculated by numerical integration of the force vs. time relationship, while the
work is calculated by numerical integration of the force vs. displacement relationship. The
results are listed in Table 4.2. To check for numerical errors that might have occurred during
the data processing, the impulse and work were compared to values calculated by an
analytical approximation. The impulse, I, was approximated as the linear momentum prior to

impact, given by:

I = mv,, (4.6)

and the work, W, was approximated as the change in the kinetic energy of the impactor;

1
W= Em(vg —v?) 4.7)
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Where m is the impacting mass, vo is the initial velocity, and vy is the residual velocity. The

approximate residual velocity of the impactor after impact (while bouncing of the component)

was extracted from the data. Figure 4.4 shows the comparison of the two methods, and

confirms the results as reasonable.

220

200 -

60 |-

4ot

Impulse by analytical aproximation [Ns]

N
S

Impulse

&

20 40

o
° T

Figure 4.4: Comparison of calculation methodology for the work and impulse

60

1 L ' L
80 100 120 140 160

Impulse by integrating [Ns]

a) Impulse

180 200

y
220

o @ ~ ®
=] 2 =] 3
3 3 38 3

Work by analytical aproximation [Nm]

=
38

o

w
=1
3

N
3
8

e.,}’

Work

0

100 200

360 4[‘)0 Sl;l)
Work by integrating [Nm]

b) Work

600

' s
700 800

Table 4.2: Summary of the experimental results with respect to absorbed energy (work) and impulse

Measured

Front density Measured vo  Impulse Work

Test plate? [kg/m?] [m/s] [Ns] [Nm]
XPS-250-049S YES 33.12 4.75 96.63 150.54
XPS-250-049 NO 33.11 4.76 86.84 167.64
XPS-250-07S YES 33.08 6.84 132.75 323.64
XPS-250-07 NO 33.20 6.83 124.74 340.81
XPS-250-10S YES 33.14 9.84 184.91 682.39
XPS-250-10 NO 33.10 9.86 179.25 703.84
XPS-400-049S YES 37.20 477 101.07 144.07
XPS-400-049 NO 37.46 4.76 96.59 153.99
XPS-400-07S YES 37.29 6.85 133.82 321.92
XPS-400-07 NO 37.20 6.82 129.19 331.07
XPS-400-10S YES 37.30 9.81 186.74 670.71
XPS-400-10 NO 37.22 9.81 179.71 693.36
XPS-700-049S52 YES 50.35 4.74 106.46 129.06
XPS-700-049 NO 50.39 4.73 97.36 150.31
XPS-700-049S YES 50.36 4.75 106.35 128.49
XPS-700-07 NO 50.38 6.81 131.45 324.43
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XPS-700-07S YES 50.20 6.82 145.87 285.52
XPS-700-10 NO 50.28 9.86 184.32 683.02
XPS-700-10S YES 50.35 9.83 190.23 669.23
DOCOL600DL-049 - - 4.76 101.12 142.99
DOCOL600DL-07 - = 6.81 143.11 294.22
DOCOL600DL-10 - - 9.80 204.60 608.46

Figures 4.8-4.10 summarizes the results for each of the experiments. It should be noted that
all the force measurements exhibit significant oscillations at what appear to be at a constant
frequency. A possible explanation for these oscillations is that the impact causes a shockwave
to propagate through the impactor. The wave would reflect of the ends and move up and down
inside the impactor, resulting in oscillations in the force data. However, this hypothesis has
not been confirmed, and the phenomenon has not been investigated in this study. The test
XPS-700-049S (see Figure 4.10 a) shows oscillations uncharacteristic of the other
experiments, the experiment was therefore repeated with a new specimen, and the data from

the first test has not been used further.

Note that test “XPS-250-107, i.e. XPS250 foam impacted without a front-plate at 10 m/s,
exhibits a force history different from the other similar experiments. The measured force rises
faster, and peaks at a higher value than the other experiments conducted at 10 m/s without a
front-plate. This behavior is probably caused by the impactor punching through the foam, see

the Figure bellow (Figure 4.5).

Figure 4.5: Backside of foam specimen XPS-250-10
38



It is interesting to compare the amount of energy absorbed by the specimens with respect to
their core density. Such a comparison is shown in Figure 4.6 a-b. The results indicate that the
amount of energy that is absorbed from the impact is independent of the foam density.
However, when the energy absorption is compared against the experiments done without a
foam core (see 4.6 c), it is clear that the steel skins dominate the energy absorption, especially
at lower velocities. This fits well with visual observation of the foam core specimens after
impact (see Figures 4.11-4.16). The specimens that experienced the lowest velocity impact
exhibit little to non plastic deformations for all three foam densities. As the impact velocity
was increased, the visible plastic deformations in the foam also increased. This indicating that
more energy was absorbed by the foam, as suggested by the increasing distance between the
“no foam core” line and the other lines in Figure 4.6 c. The amount of plastic deformation on
the specimens gets lower as the density increases. This is as expected given the increase in

stiffness and plateau stress in higher density foam.

Another interesting observation is that components with front plates appears to absorb nearly
the same amount of energy as components without front plates, although the deformation

characteristics are significantly different. The impact tests done without a front plate exhibits
large plastic deformations surrounded by significant fractures, localized to the impacted area
(see Figure 4.7). When a front plate is present, the loading is spread out on a larger area, and

no fractures are visible.
The main findings from the drop tower experimental program can be summarized as follows:

e All the test shows oscillations in the force measurements — probably caused by stress
waves

e The steel skins dominate the energy absorption for lower impact velocities

e The amount of absorbed energy appear to be independent of the foam density for low-
velocity impacts

e Removing the front plate have no significant effect on the amount of energy absorbed

although the failure modes change significantly
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Figure 4.7: XPS250 foam subjected to impacts at 7 m/s
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Figure 4.8: Experimental results for XPS250
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Figure 4.9: Experimental results for XPS400
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Figure 4.10: Experimental results for XPS700
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a) XPS-250 b) XPS-400 c) XPS-700

Figure 4.11: Impact at v = 4.9 m/s with a front-plate

a) XPS-250 b) XPS-400 c) XPS-700

Figure 4.12: Impact at v = 7.0 m/s with a front-plate

a) XPS-250 b) XPS-400 ¢) XPS-700

Figure 4.13: Impact at v = 10.0 m/s with a front-plate
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a) XPS-250 b) XPS-400 ) XPS-700

Figure 4.14: Impact at v = 4.9 m/s without a front-plate

a) XPS-250 b) XPS-400 c) XPS-700

Figure 4.15: Impact at v = 7.0 m/s without a front-plate

a) XPS-250 b) XPS-400 c) XPS-700

Figure 4.16: Impact at v = 10.0 m/s without a front-plate
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4.3 SHOCK TUBE

Due to shock tube tests being more comprehensive than drop tower test, it was decided to
limit the test program to only five tests and one foam density. It was the chosen to keep the

foam density constant, and focus on different load magnitude. Therefore a sandwich

configuration with XPS250 foam core were to three different load cases. Further, to study the

effect of the front plate, one test was repeated with only a back plate. The skins were also

tested without a foam core. The test program is summarized in Table 4.3.

Table 4.3: Experimental program for the shock tube

Name Core material Foam density Front plate? Driver Pressure
[kg/m°]
D600-60 - - - 60
XPS250S-35 XPS-250 33 YES 35
XPS250S-60 XPS-250 33 YES 60
XPS250S-75 XPS-250 33 YES 75
XPS250-35 XPS-250 33 NO 35

4.3.1 Test Set-up

The test specimens were pre drilled with 24 bolt holes as shown in Figure 4.18. To emulate
fixed boundary condition, the plates were clamped to the end of the driven section using a
clamping-plate and 12 bolts. When the specimens are clamped, only a 300 mm x 300 mm

section is exposed to the shockwave. It should be noted that the compressibility of the foam

limited the tautness of the bolts, as well as it made it challenging to tighten the bolts equally.

Pressure sensors placed along the driven section are used to measure the shockwave as it
propagates down stream of the driver section. Two of the sensors (no. 409 and no. 410) are
placed close to the test specimen. These two sensors are important in order to estimate the
peak pressure acting on the test specimens. Two Phantom v1610 high-speed cameras were
used to capture the structural response of the backside of the specimen. The cameras

recording rate was set to 24kHz for all the experiments.
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Figure 4.18 Clamping of the specimen

4.3.2 Data Processing

Since there are no pressure sensors at the specimen during experiments, the pressure history
needs to be estimated based on measurements from sensor 409 and 410, located in front of the
test specimen. In order to do this, it is necessary to know when the pressure wave reaches the
specimen. The time of impact with the specimen, ty, is calculated from the known geometry
of the sensor layout (se Figure 4.20). The time it takes the shockwave to propagate from
sensor 409 to 410, At, can be found directly from the pressure data. Since the distance

between the sensors are known, the incident wave velocity, vs, can be approximated. Further,
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if the wave velocity is assumed to be constant, the time it takes the wave to propagate the

known distance from sensor 410 to the specimen can be calculated.

To estimate the reflected peak pressure, it is necessary to fit the pressure data to an analytical
expression and extrapolate the fit to the time tw. This is typically done using the modified
Friedlander equation (eq. 2.1). The duration of the positive phase, t+, can be taken directly
from the data, while the reflected peak pressure, Py, and the decay coefficient, b, is found by
curve fitting, using MATLAB [47]. However, one of the limitations of using a shock tube is
that a high driver pressure can cause secondary and tertiary reflections during the positive
phase (see Figure 2.8). This introduces a problem when it comes to fitting the test data to the
Friedlander equation. In the current work, the peak reflected overpressure, Py, was found by
fitting the Friedlander equation to the experimental data before the secondary reflections
occurred. The decay coefficient, b, was then found such that the specific impulse based on the
Friedlander equation (eq. 2.2) matched the specific impulse calculated from the measured

pressure history of sensor 410. This approach was selected to give a conservative estimate of
the reflected peak pressure.
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Figure 4.19 Identification of the Friedlander parameters for a typical test
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Figure 4.20 Layout of sensor 409 and 410

4.3.3 Experimental results

The results from the shock tube experiments are given in the form of a Friedlander equation

(eq 2.1) fitted to the pressure history acting on the specimen, and the deflection of the back

plate. Ideally the test specimens should have been bisected and measured after the

experiments so that the compression of the foam could be compared to the numerical analyses

explained in chapter 5. However that was not done in the current work. The results from the

Friedlander fitting and the maximum displacement of the back-plate is given in the table
below (Table 4.4).

Table 4.4: Experimental results

Driver

Pressure Pr b t+ i+ Umax

Name [bar] [kPa] [-] [ms] [kPa x ms] [mm]
D600-60 60 1362 1.272 48.8 15436.7 26.8
XPS250S-35 35 1100 1.653 15.8 3617.0 24.5
XPS250S-60 60 1332 2.190 195 4250.2 29.8
XPS250S-75 75 1767 2.591 18.0 41235 37.2
XPS250-35 35 935 1.460 20.8 6147.3 37.9

The image series of the experiments, captured by the high-speed cameras, shows the response

of the back plate of the sandwich component. By post processing these images with the 3D

DIC software Ecorr [35], it was possible to extract the displacement fields. The results are
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illustrated by a series of three plots, plotted at three different time steps, for each experiment

(Figures 4.22 — 4.26). At each time step the following is plotted:

a) A 3D contour plot of the deflection (taken from Ecorr), the color bar is in mm

b) The synchronized pressure and displacement history, where the pressure is captured
by sensor 410 and the displacement is taken from the node exhibiting the maximum
displacement

¢) The displacement over the cross section

The time steps where chosen such that they give a snapshot at three different stages of the
deformation history. The first time step shows the plate as it has just started deforming, while
the third time step shows the plate as it reaches a maximum displacement. The second time

step is an intermediate stage between these two.

To protect the camera windows in the dump tank, a sheet of plexiglass is attach in front of the
windows using magnets. In some of the experiments (XPS250S_60 and XPS250_75),
pressure leakage into the dump tank caused the plexiglass to flex during the experiments. This
resulted in a warping of the images captured, which caused the DIC analysis to diverge and
thereby giving incomplete results. This can be seen in Figure 4.24 b) and Figure 4.25 b),
where the displacement curve is cut off. However, this is of no major concern as the first part

of the DIC analyses, where the deformation occurs, is unaffected.

Both a sandwich component and two steel skins alone (no foam core) were tested with a
driver pressure of 60 bar. It is quite interesting to compare the results from these two
experiments (D600_60 and XPS250_60). The component with a foam core exhibits a larger
maximum displacement of the back-plate than the component without foam. Further, if we
compare the 3D contour plots and the cross section plots at maximum deflection (Figure 4.22
a and Figure4.24 a), it is clear that the component with a foam core exhibits a wider and more
extensive displacement field. These findings indicate that the FSI (Fluid Structure Interaction)

effects change significantly when a foam core is present.

With a driver pressure of 35 bar, the sandwich was tested both with and without a front-plate
(XPS250S_35 and XPS250_35 respectively). As expected, the deformation are significantly
higher when no front-plate is present.

It should be noted that all the components survived the experiments i.e. stayed in one piece

within the loaded area, and exhibited no penetrations. There were no fracturing observed in
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the middle section of the foam specimens with the exception of specimen XPS250 35 i.e. the
experiment without a front-plate (Figure 4.21 a). This fracture probably occurred as the
specimen was sucked into the driven section during the negative phase. Fractures of varying

extent was however observed outside the bolts on all the experiments (see Figure 4.21).
The main findings in the experimental program can by summarized by the following:

e A foam core appears to increase the deformation of the back-plate

e Fracturing of the foam is limited to the boundary condition, no fractures visible within
the loaded section

e Significant plastic deformation in the foam indicate significant energy absorption
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c) Sandwich at 60 bar driver pressure d) Sandwich at 75 bar driver pressure

Figure 4.21: Foam after deformation in the shock tube
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5 NUMERICAL STUDY

5.1 INTRODUCTION

Performing a numerical study in addition to experiments introduces several advantages. For
one thing, numerical studies are far more cost effective than physical experiments. Further,
numerical simulations makes it is easier to perform a comprehensive parametric study in
witch specific and localized effects can be studied. Normally experimental work is limited to
small scale testing, while numerical simulations can be applied in full scale. To gain
confidence in the results that are found numerically, it is important to validate the models with
experimental data. For complex problems, a numerical study might also help to validate the

experimental data gathered.

To further study the response of the sandwich configuration, and to evaluate the models
assumed for the material, both the drop tower and the shock tube experiments was modelled
numerically using the commercially available explicit FE code LS DYNA [51]. All the
analyses presented was performed on the computational cluster “Snurre” available through the
department of structural engineering at NTNU. In the following sections the numerical study

is outlined.

5.2 DROP TOWER

The experiments performed on the sandwich configuration in the drop tower rig, were
simulated numerically in LS DYNA. The numerical results were then compared to the
experimental results. A tailor made model (basis model) of the test set up was used in the
analyses. A penalty based surface to surface contact algorithm is used for all the models, and
friction has not been properly accounted for i.e. static and dynamic coefficient of friction is
set to 0.1 for all contact formulations. The sensitivity of the model and the analysis input
parameters has not been studied with the exception of a sensitivity study of the foam density
and the foam thickness. The analysis model has not been calibrated to the experimental
results, and all results presented in the current work is based on the basis model. Typical

parameters that could be applied to optimize the model are; boundary conditions, friction,
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mesh size and element type, strain-rate sensitive material model and variation of material

properties throughout the test specimen.

5.2.1 Model and approach

Due to double symmetry, only a quarter of the tested plates were modelled. The boundary
conditions in the experiment were simulated by rigid parts and elastic steel bolts. The
impactor, also modelled as a quarter of the real size, was modelled by shell elements with
rigid material properties. Some of the sharp corners were rounded to prevent numerical
problems. Since only the part of the striker rig that impacts the specimen was modelled, the
mass of the rest of the rig needed to be accounted for. This was done by increasing the density
of the impactor. All of the analyses are based on nominal values for the geometry e.g.
thickness of both the foam and the steel skins. Loading was applied similarly as in the
experiments, i.e. by giving the impactor an initial velocity. To investigate the steel skins
alone, the model was modified by removing the foam core and shortening the bolts. Both
models are shown in Figure 5.1. Figure 5.2 — 5.3 shows the typical behavior of the numerical

models during simulations.

The 0.8 mm thick Docol600DL steel plates was modelled by four-node Lagrangian shell
elements and the Belytschko-Tsay element formulation was utilized [52]. The elements have
five integration points through the thickness. The applied material model for the steel plates is
based on the modified Johnsen-Cook material model, material *107 in LS DYNA, using the

material parameters given in chapter 3.

The foam core is modelled with eight-node three-dimensional constant stress solid elements.
20 elements are used through the thickness of the foam. The foam material is represented with
the Deshpande-Fleck material model, material *154 in LS DYNA, using the material
parameters derived in chapter 3, and analytical derivation is activated in the analyses. Since
the physical experiments on the sandwich components exhibited no visual fracture, no

fracture criterion is introduced to the material model.

Impact problems are generally complex and difficult to predict numerically. The analysis
results are very sensitive to some of the input parameters and some minor change in the input
parameters might change the results significantly. Due to the complexity of such numerical

simulations, there are several potential sources for uncertainties and error. However, these
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have not been further addressed and investigated in the current work. A summary of

uncertainties and possible error sources are listed below:

e Nominal geometry is used in the models

e Sharp edges on the impactor has been rounded

e There might be local variations in the foam material parameters due to mass
production of the foam

e There is a thin plastic film on the surface of the foam that has been disregarded

e Friction is not properly accounted for — friction coefficient = 0.1 for all contact

e Strain-rate sensitivity of the foam material parameters

e The representation of the boundary conditions

e Complex contact interaction between a soft and stiff material

e The geometry is modelled as perfect i.e. no geometric irregularity

a) Model of foam sandwich b) Model of steel skins alone

Figure 5.1: LS DYNA models of the drop tower experiments
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a) t=0ms b) t=35ms

Cc) t=6.2ms d) t=159ms

Figure 5.2: Typical numerical simulation of foam sandwich in the drop tower

a) t=0ms b) t=1.6ms

c) t=5.1ms d) t=105ms

Figure 5.3: Typical numerical simulation of only skins in the drop tower
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5.2.2 Numerical results

The sandwich experiments were recreated with numerical simulations using the
corresponding nominal input parameters from the experiments. Hence, all the experiments
have a corresponding numerical simulation. The velocity used in the simulations is the same
as the one used as input parameter in the experimental test rig. Due to the location of the
sensor that measures the velocity prior to impact, it is reasonable to expect the actual impact
velocity to be slightly higher than the measured value. This fits well with the measured values
consequently being slightly lower than the input velocity. The numerical results are extracted
from the analyses in a similar manner as in the experiments i.e. the forces acting on the
impactor, the displacement of the impactor and the change in kinetic energy of the impactor

(absorbed energy).

It is not feasible to compare all details in the numerical analysis to the experimental results.
Therefore only some main results are compared e.g. force-time history and displacement-time
history as well as the impulse and absorbed energy. The comparisons of the impulse and
absorbed energy are shown in Figures 5.4 - 5.6, while the force-time and displacement-time

history are compared in Figures 5.7 - 5.10. The main observations are as follows:
Steel skins without foam between:

From the force-time and displacement-time plots in Figure 5.7, the difference between the
numerical analyses and the experimental data appear to be significant, where only the first 2.5
ms is coinciding while the rest of the results differ significantly. Even though the work
(absorbed energy) and the impulse is comparable in magnitude, see Figure 5.4 d, the peak
forces are significantly higher and the time duration of the contact is significantly shorter in
the numerical analyses. The reason for the observed differences is probably a combination of
several factors, but it is expected that the modelling of the boundary conditions (too stiff in
the numerical model), the lack of imperfections in the plates and the friction between the
plates and between the impactor and plates, plays a significant role. Further, inaccuracy in the
steel model may have influenced the results. It should be noted that the steel model material
parameters are based on work by Holmen et al. [53], in which they performed perforation test
on the same steel plates used for the skins in the current work. They observed higher peak

forces in the numerical analyses compared to the experiments as well.
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Sandwich configuration:

The calculated maximum displacement, impulse and work fits reasonably well with the test
results for all velocities (within approx. £ 10%), see Figure 5.4 a-c. The peak force fits
reasonably well for the lowest velocity impacts but differs significantly with increased
velocity. The main reason for this could be that the material model used in the analysis does
not include strain-rate dependency and the friction is not correctly modelled. It is also noted
that the correlation between experiment and numerical analysis gets better for when the foam

density is increased.

Considering the complexity of the problem, the overall observation is that the numerical
simulation is able to predict the test results with reasonable accuracy. As mentioned earlier,
no proper calibration of the numerical model has been performed. It is expected that much
better agreement between the numerical simulation and the experimental results is possible to
obtain by including proper contact formulation (friction) and by including strain-rate

dependency in the foam material model.
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Figure 5.4: Comparison of numerical and experimental results
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Figure 5.10: Comparison between the numerical and experimental response of the XPS700 sandwich
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5.2.3 Parametric study

Parametric studies on the effects of the foam thickness and the foam density, on the absorbed

energy is outlined in the following.

Foam core thickness

In order to study the effect of foam core thickness three different thicknesses for the same
core density (XPS250) are compared. The results are shown in Figure 5.11-5.12. As can be
seen, the core thickness appear to have minor effects on the energy absorption of the
sandwich. However, it is observed that the absorbed energy decreases with an increase in

foam thickness, the reason for this behavior is currently not known.

A further comparison of the force-time and displacement-time histories indicates that a higher
foam thickness results in larger deformations at the impact point, but also lower peak forces.
Based on these observations, it’s believed that when the foam thickness is increased the
flexible back plate is less activated during impacts, partly due to the increase in the bending
stiffness of the sandwich.

These findings might indicate that increasing the foam thickness does not necessarily improve
the performance of the sandwich structures with respect to impact loading. A more detailed

study is warranted.

XPS250: Numeric Work - Thickness
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Figure 5.11: Absorbed energy vs thickness
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Figure 5.12: Sensitivity study wrt. foam thickness
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Foam core density

Sundolitt XPS is a mass produced commercially available foam material, it is therefore
reasonable to expect variation in the material properties throughout the foam. These variations
are probably highly influenced by the local density of the foam. It is therefore interesting to
study the ramifications of small variations in foam density. A small study into the density

sensitivity of the model was therefore performed.

The density sensitivity was studied numerically by comparing three simulations with slight
variations in the global foam density. XPS400 was chosen for the sensitivity study since it
was the intermediate foam density tested. For these simulations, the material was represented
with the density dependent material model derived in chapter 3. To new sets of material
parameters were created by increasing and decreasing the material density by 10 %. Figure

5.13 illustrates the three different material models.

The forces acting on the impactor, and the displacement of the impactor are compared in
Figure 5.14. Although some changes in the response can be observed, the results suggest that
the model is relative in-sensitive to minor changes (£10%) in the foam density, see Figure
5.15.

Density sensitivity XPS400
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Figure 5.13: Density sensitivity of the material model
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5.3 SHOCK TUBE

The experiments performed in shock-tube facility at SIMLab, on the sandwich configuration

and the steel skins alone, were simulated numerically in LS DYNA. The numerical results

were then compared to the experimental results. A tailor made model (basis model) of the test

set up was used in the analyses. A penalty based surface to surface contact algorithm is used
for all the models, and friction has not been properly accounted for i.e. static and dynamic
coefficient of friction is set to 0.1 for all contact formulations. The analysis model has not

been calibrated to the experimental results, and all results presented in the current work is

based on the basis model. Typical parameters that could be applied to optimize the model are;

boundary conditions, friction, mesh size and element type, strain-rate sensitive material model

and variation of material properties throughout the test specimen.



The analysis of XPS250 at the highest driver pressure (75 bar) resulted in a negative volume
error in the foam elements, and consequently caused LS DYNA to abort the analysis, i.e. no
numerical results to compare to the experiment at 75 bar driver pressure. The experiments
performed without a front-plate was not modeled numerically. Thus, only three experiments
(D600-60, XPS250S-35 and XPS250S-60) are compared to the corresponding numerical

results.

A small numerical study into the effects of changing the foam core density was also
performed. The foams XPS400 and XPS700 were analyzed under the same loading conditions
as the XPS250 foam. The analysis of XPS400 at the highest driver pressure (75 bar) resulted
in the same numerical error as the analysis of XPS250 at the same pressure.

5.3.1 Model and approach

The shock tube experiments was modelled with the specimen clamped in between two rigid
plates using elastic bolts. The loading was introduced directly as pressure directly on the inner
steel skin. The Friedlander equation was used to represent the pressure history. The model is

shown in Figure 5.16.

The 0.8 mm thick Docol600DL steel plates was modelled by four-node Lagrangian shell
elements and the Belytschko-Tsay element formulation was utilized [52]. The elements have
five integration points through the thickness, and the Gauss quadrature rule is used to solve
the equations. The applied material model for the steel platees is based on the modified
Johnsen-Cook material model, material *107 in LS DYNA, using the material parameters

given in chapter 3.

The foam core is modelled with eight-node three-dimensional constant stress solid elements.
20 elements are used through the thickness of the foam. The foam material is represented with
the Deshpande-Fleck material model, material *154 in LS DYNA, using the material
parameters derived in chapter 3, and analytical derivation is activated in the analyses. No

fracture criterion is used in the material model.
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Figure 5.16: LS DYNA model of the shock tube

5.3.2 Numerical results

The experiments were recreated with numerical simulations using the corresponding nominal

input parameters from the experiments. As mentioned earlier, the experiment performed

without a front plate was not modelled, and the analyses at the highest driver pressure failed.

Thus, only three analyses (XPS250S_35, XPS250S_60 and D600_60) are compared to the

corresponding experiments. The comparisons are shown in Figure 5.17-5.19 and Table 5.1.

Table 5.1: Comparison between numerical and experimental results

Experimental Numerical

Driver pressure Pr Umax Umax

Test [bar] [kPa] [mm] [mm]

D600-60 60 1362 26,8 35,2

XPS250S-35 35 1100 24,5 18,90

XPS250S-60 60 1332 29,8 25,40
XPS250S-75 75 1767 37,2 -
XPS250-35 35 935 37,9 -

The results from the shock tube experiments are limited to the displacements of the back plate

of the test specimen and a pressure history inside the shock tube. Only the displacements are

relevant for comparison.
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Note that in general the numerical analyses over-predicts the compression of the foam
compared to observations during the test (unfortunately not measured or documented during
the testing). This can possibly be explained by the lack of strain rate dependency in the foam

material model.

Further, as can be seen in Figures 5.17-5.19 (note that the color bars are not the same for the
experimental and numerical results), the numerical model under-predicts the deformation
significantly for all the experiments on a sandwich configuration, while it over -predicts the
response of the steel skins alone. The displacements fields is somewhat different in the
numerical results compared to the experimental results, especially with respect to the gradient
of the deformation. However, the numerical model appears to predict the correct shape of the
displacement-time history for the mid-point, although the magnitude is different. Note that the
experimental displacement-time history in Figure 5.18 e) gets distorted after approximately 5

ms due to interference in the DIC images.

A possible explanation to the observed differences between the experimental and numerical
results, is that the clamping frame is modelled as analytically rigid, which might result in
higher fixity in the numerical simulations. Further, similar to in the drop tower comparison, a
combination of several factor might influence the results i.e. the lack of imperfections in the
plates and the friction modeling, inaccuracy in the steel model and the strain rate sensitivity of

the foam material.

Since the numerical results exhibit a similar pattern as the experimental results, it is believed

that the numerical model can deliver accurate results after a proper calibration.
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5.3.3 Parametric study

Since only one foam density (XPS250) was tested experimentally in the shock tube, the other
two densities (XPS400 and XPS700) were investigated numerically, using the constructed
model described in Section 5.3.1. Both densities were subjected to the same loading
conditions that were used in the experiments i.e. 35, 60 and 75 bar driver pressure. Figure
5.20 summarizes the results of the parametric study. Figures 5.21 — 5.23 shows the
displacement time history for the mid-point deflection, the plastic strain and the deformation
of the cross section at maximum displacement. Note that only the analysis of XPS700
converged for 75 bar driver pressure. An overview of the parametric study is given in Table
5.2.

Table 5.2: Overview of the parametric study & the main results

Driver Absorbed
Density pressure Pr Umax energy

Test [kg/m®] [bar] [kPa] [mm] [Nm]
250S_35 33 35 1100 18,9 4030
250S_60 33 60 1332 25,4 5560
250S_75 33 75 1767 - -
400S_35 37 35 1100 19,6 3190
400S_60 37 60 1332 21,6 4920
400S_75 37 75 1767 - -
700_35 50 35 1100 22,4 1370
700_60 50 60 1332 24,6 2470
700_75 50 75 1767 27 5900

Figure 5.20 a) shows a clear dependency (nearly linear) between the foam density and the
amount of absorbed energy. Where lower densities are able to absorb more energy than higher
densities i.e. the absorbed energy decreases significantly with increased core densities. Even
though there appears to be a significant tendency with regard to the absorbed energy, Figure
5.20 b) shows that the maximum displacement for all the analyses are of similar magnitude
(approximately 20-25 mm). However, if we compare the amount of maximum plastic stain
(e.g. see Figure 5.21) for different foam densities, it is shown that there is a large difference in
the level of plastic strain (more than a factor of 2), therefore the above findings depends on

the validity of the material model over wide strain range.
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6 DISCUSSION & CONCLUDING REMARKS

The main objective of the present work was to investigate how the polymer foam (XPS)
behaves under dynamic impact and blast loading, and evaluate the performance of this type of
foam under these load conditions. Further, it was studied to which extent the response can be
predicted using computational tools. This was done by performing a number of laboratory
tests and numerical studies. Impact and blast experiments were performed on sandwich panels
with polymer foam cores and steel skins. The experiments were used to investigate the
response of such a sandwich configurations. Focus was on the energy absorption of the
sandwich. The dynamic impact tests were performed in a drop tower rig while the blast
loading tests where preformed in a shock tube. Quasi static compression tests were performed
on the polymer foam in order to derive a numerical material model. Almost all the
experimental tests were modelled and analyzed by FE analysis using the commercial software
tool LS-DYNA. The numerical models of the experiments were not calibrated to the
experimental data but were based on rough assumptions and engineering judgment. Thus, the
numerical results serve more as a proof of concept with regard to the numerical modelling.
Nevertheless, the numerical results were compared to the experiments in order to validate to
which extent the response could be predicted numerically using a basic numerical model. The

main finding from the impact and blast study are listed below.
The main findings for the impact study:

e The steel skins dominate the energy absorption for lower impact velocities, this is
show both experimentally and numerically.

e The amount of absorbed energy appear to be independent of the foam density for low-
velocity impacts, this is supported both by experimental and numerical results.

e The numerical simulations of the sandwich configuration do not accurately predict the
peak forces from the experiments, but the energy absorption, impulse and
displacement are predicted with acceptable accuracy.

e The numerical simulations of the steel skins alone do not accurately predict the peak
forces or the displacements, but the absorbed energy and impulse are predicted with
acceptable accuracy.

e Numerical analyses indicate that the response of the sandwich configuration is

somewhat independent of the foam thickness. However, for higher impact velocities
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there is a tendency towards a reduction in the amount of absorbed energy with

increased thickness.

The main findings for the blast study:

e Experimental results indicate that having a foam core increase the deformation of the
back-plate.

e The numerical analyses over-predicts the compression of the foam.

e The numerical analyses under-predicts the deformation of the sandwich panels, but
over-predicts the deformation of the steel skins alone.

e Numerical analyses indicate that increasing the foam density reduces the energy

absorption significantly (near linear relationship).

Considering the complexity of the problems analyzed, the overall observation is that the
numerical simulation is in many cases able to predict the test results with reasonable accuracy.
As mentioned earlier, no proper calibration of the numerical model has been performed. It is
expected that much better agreement between the numerical simulation and the experimental
results is possible to obtain by including proper contact formulation (friction), more detailed
modeling of the boundary conditions and by including strain-rate dependency in the foam

material model.

Based on the results found both experimentally and numerically, XPS foam is believed to
perform well as an energy absorbent in a flexible sandwich configuration, for both low-
velocity dynamic impacts and blast loads. The absorbed energy of the test specimens appear
to be independent of the foam density when subjected to low-velocity dynamic impact. But
the blast study indicate that the energy absorption is greatly dependent on the density of the
foam core, where low density results in higher energy absorption. It is further believed that
the sandwich panels will exhibit a similar dependency on the thickness of the foam, although
this has not been proven empirically.

The findings indicate that the blast protection performance of the studied sandwich panels
greatly depend on the design parameters, e.g. foam core density. The observed trends suggests
that it is beneficial to use a foam with as low density as possible. It is however important to
use a foam that has a sufficiently high yield strength since the amount of energy that can be
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absorbed depends on the area under the stress strain curve. It is therefore important to have
realistic design criterions in order to optimize the protective design. A thorough case by case

optimization of the design parameters could yield a very effective blast resistant design.
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[/ FURTHER WORK

The work present in this thesis is based on several assumptions, and several aspects has not
been considered. In order to gain better knowledge and higher confidence with respect to
numerical predictions of polymer foams subjected to blast loads, some further investigations
are warranted. The following lists some suggestions.

e Do a proper calibration of the numerical model with respect to experimental results

e Perform more comprehensive material tests on both the foam and steel to derive a
more detailed material model

e Do a comprehensive sensitivity study of the numerical model e.g. mesh density,
element type, contact formulation and boundary conditions

e Study the effect of a fracture criterion in the numerical foam model

e Study the strain rate dependency of the foam

e Test the foam against a stiff surface
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