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Abstract: Accidents are misfortune which could happen to anyone at any
place at any time and it affects the vehicle as well as the occupants.
Continuous research is being carried out for improving the crashworthiness
of the vehicles with different materials. These materials plays important
aspect in energy absorption and impact resistant design of the structure,
wherein, presence of these materials highly affects the response of
structures subjected to impact loading. In the present study, a non-linear
finite element code LS-DYNA® is used for numerical simulation of drop
weight impact hammer test. The material chosen for simulated testing is
polymeric syntactic foam. In this study, effect of density of foam, foam
material model, effect of drop height and effect of tube, filled with foam, on
energy absorption of foam is studied. Herein, material model chosen for
hammer is bilinear material model and crushable foam as well as piecewise
linear plasticity model is used to model the foam. Behaviour of foam is
compared in terms of reaction force, displacement time history and force-
displacement variation. Energy absorption for each model is computed for
different velocities considered in the present study and it is observed that
tube plays an important role in enhancing the energy absorption of foam.

Corresponding Author:
Manmohan Dass Goel,
Visvesvaraya National Institute
of Technology, Nagpur, India
Email: mdgoel@apm.vnit.ac.in

Keywords: Numerical Simulation, Impact, Drop Weight Impact Hammer
Test, LS-DYNA®, Polymeric Syntactic Foam, Foam Filled Tube

Introduction purpose crash box, which are devices specially designed
for impact testing, are filled with different materials and
are allowed to impact. The response is recorded and a
rough conclusion can be derived from the results when

the actual impact occurs. It also gives a primary

There has been a tremendous increase in population
of India and it ranks as second most populated country.
Further, there is a great improvement in the living
standard of the people which is evident from the report

which states the number of cars used per thousand
people (IPR, 2019; VPCR, 2015). This is due to the
advancement in the transportation industry and due to
vehicles, our life has become easier but there are always
some drawbacks. It can be observed from road accidents
in India statistics from year 2005-2016 that there has been
tremendous increase in accidents (MRTHTRW, 2016).
Accidents lead to loss of life and property and it can happen
to anyone at any time. These events cannot be avoided
completely but certain preventive measures can be taken.
From the report on road safety in India, it has been
reported that car owners are ready to pay more money
for enhanced safety features in their vehicles (SaveLIFE
Foundation, 2017). This is the reason that lot of research
is being carried out in this field.

Crashworthiness of vehicles is a main factor to be
considered for the design of the vehicles. For this
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understanding about the behaviour of the material
subjected to impact i.e., it basically gives an idea about
crashworthiness of vehicle.

The materials which best suits the energy absorption
profile are foams and the reason can be attributed to
their internal structure. The foams have some voids
present within it in the form of air or micro balloons
which are specially induced during the formation of
foam. Because of these voids, cellular rearrangement
takes place which helps in the improved energy
absorption when subjected to impact. Further, these
foams find their application in safety guards, packaging,
automobiles, blast lining materials and helmets. These
foams are also used in under water application i.e.,
they are used for insulation of pipelines, construction
of Remotely Or Human-Operated Vehicle (ROV or
HOV) and control surface of submarine (Barr and
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Bouamrata, 1988; Bowles, 1988; Rajendran et al.,
2009; Gupta et al., 2013; Pinnoji et al., 2009).

Amongst the many test carried for impact testing
drop weight impact hammer testing is the optimum
choice because of its ease and flexibility. Many
researchers worked on the impact test on different
materials. The materials include foams, graphite-fiber-
reinforced composite, hybrid fiber engineered
cementitious composite, concrete (Roesset et al., 1994;
Banthia et al., 1989; Zhang et al., 2017; Sahu et al.,
2019; Zhang et al., 2007). Researchers also tried
different variations of drop weight impact test for
obtaining material stress-strain curves. Johnson and
Browne (2002) said that drop tower facilities provided a
quick and inexpensive means of conducting dynamic
tests and it has been used extensively by transportation
industry. Behrooz et al. (2013) worked on dropped
weight machine to calculate energy absorption of
composite materials. Gunawan et al. (2011) developed a
drop weight impact hammer machine so that the machine
could be used for wvalidating wvarious numerical
simulation models and the machine was equipped with
various different sensors. Bhattacharya et al. (2006)
performed normal impact test but used different type of
triggering mechanism, it consisted of Infra-Red (IR)
source and detector, when specimen was dropped it
interrupted with line of IR beam and it activated the
mechanism. Goyal and Buratynski (2000) introduced a
new method of testing where the free dynamics of the
object to be tested is considered. In this test the drop
table hits the ground and just before impact the object is
free to move naturally.

Foams in broader sense are good energy absorbers but
the most commonly used are closed cell aluminium foam,
polymeric foams and syntactic foams (Aymerich et al.,
1997; Aldoshan et al., 2017; Goel et al., 2014; 2013; 2015;
Matsagar, 2014; Chordiya and Goel, 2018). It is evident
from the literature that numerical simulation of drop weight
impact hammer test is scarce. Also, the study of
numerical simulation of tube filled with polymeric
syntactic foam has not been done before. Numerical
simulation is good option because it requires less
manpower and different variations can be tried by
making some changes in the program.

Hence, present investigation focuses on numerical
simulation of drop weight impact test of polymeric
syntactic foam considering the effect of density, velocity,
effect of tube which is filled with foam and effect of
material model used for foam using LS-DYNA®.

Energy Absorption Mechanism

The reason that foams are good energy absorbers is
because of their internal structure. Figure 1 shows the
Scanning Electron Micrograph (SEM) of glass hollow
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particle/vinyl ester syntactic foam (Gupta et al., 2013). It
is evident from the structure that voids are present and
because of these voids cellular rearrangement takes place
when subjected to impact or blast and this results in the
deformation of foam. It is evident by the principle of
energy conservation that kinetic energy gets converted
into fracture energy or deformation energy of foam
which means that if deformation in foam is more, it leads
to higher energy absorption.

The general stress-strain profile of foam is
characterized into three regions i.e., elastic region,
plateau region, densification region. In the stress-strain
curve, important region for energy absorption is the
plateau region because maximum energy absorption
takes place under this region. It can be observed from
Fig. 2 that under plateau region there is increase in strain
without much increase in the stress ie., increase in
displacement without much increase in force which is the
basis of energy absorption principle (Gupta et al., 2013).

Effect of Tube

The tubes are provided to increase impact resistance
of the foam. The total energy absorbed is given by
Equation 1:

VVVFﬂIedmbe — VVVTube + VVVFoam + val (1)
where, W is energy absorbed per unit volume (by the
entities mentioned in superscript). W, is the energy
absorbed by the interaction between the tube and foam

(Ashby et al., 2009). The energy absorbed by the tube
and foam is obtained by Equation 2 and 3 as:
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where, p is density of foam, p; is the density of the
parent material, 6,, is the yield stress and g, is the
densification strain it can be calculated by Equation 4.
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where, a; ranges from 1.5 to 2. From Equation 1 it can
be observed that the total energy absorbed is an algebraic
addition of W™, w ™ and W™ Hence, considering

“

effect of tube leads to improved energy absorption by the
foam and same is investigated in the present study.
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Fig. 1: Scanning Electron Micrograph (SEM) of glass hollow particle/vinyl ester syntactic foam (Gupta et al., 2013)
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Fig. 2: Quasi static stress strain curve for Polymeric syntactic foam (Gupta et al., 2013)

Validation of FE-Scheme

Any new numerical simulation is said to be validated
if it results in good agreement with experimental results
or with another numerical simulation which is validated
using experimental results. For improved confidence,
present FE model is validated using experimental and
numerical simulated results reported by Rajendran et al.
(2009). The dimensions of the hammer and foam are
taken as suggested by Rajendran et al. (2009). Herein, an
impact hammer is modelled using eight noded
hexahedral elements in LS-DYNA® with dimensions as
155 mm diameter and 720.2 mm length having weight of
106 kg. MAT 003 (MAT PLATIC KINEMATIC) of
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LS-DYNA® material library is used as material model
for hammer (LS-DYNA, 2019). The properties of
hammer are reported in Table 1.

The material chosen for testing is closed cell
aluminium foam. It is tested under different drop
velocities and energy absorption is computed for
understanding the material behaviour under impact.
Foam is modelled using eight noded hexahedral
elements with dimensions as 80 mm diameter and 100
mm length. MAT 063 (MAT _CRUSHABLE FOAM)
of LS-DYNA® material library is used as material
model for hammer (LS-DYNA, 2019). Finite element
model of hammer impacting the foam is shown in Fig. 3.
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The automatic surface to surface contact interaction
is used between bottom of hammer and top of foam.
Clamped boundary condition is applied at the bottom of
the foam. The material card for foam requires elastic
modulus, density, tension cut-off, Poisson’s ratio,
damping co-efficient and a stress-strain curve (LS-
DYNA, 2019). The values are 160 MPa, 570 kg/m’, 4
MPa, 0, 0.05, respectively and stress-strain curve for
foam is reported in Fig. 4.

Rajendran et al. (2009) With the help of mesh
convergence study, mesh size chosen for hammer and
foam is 20 mm and 10 mm, respectively. This
corresponds to 18400 elements for hammer and 1050

Foam (crushable foam)
[10mm, 1050 elements]

elements for the foam. The results reported by the author
are for various drop velocities but for validation purpose
a drop velocity of 5.42 m/s, which corresponds to 1.5 m
drop height, is chosen.

Table 1: Material properties of the hammer

Properties Values
Modulus of Elasticity, £ (GPa) 210
Poisson’s Ratio, p 0.30
Yield Stress, o, (MPa) 230
Tangent Modulus, E, (MPa) 800
Density, p (kg/m’) 7800

Hammer (rigid)
[2mm, 18400 elements]

Automatic surface to surface contact

Clamped boundary condition

Fig. 3: FE model of aluminum foam and drop hammer in LS-DYNA®
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Fig. 4: True stress-strain curve for aluminum foam used for validation of FE scheme as per Rajendran ez al. (2009)
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The total runtime for analysis is taken as 0.025 s and
results are extracted at an interval of 0.0025 s as
suggested by author (Rajendran et al., 2009). Figure 5
depicts comparison of displacement time history
reported by Rajendran ef al. (2009) and present
numerical simulation. The locations of points whose data
are to be extracted are same as suggested by the
Rajendran er al. (2009). From the comparison, it is
observed that results are in acceptable error range (5%)
so the current FE model is said to be validated.

Working of Drop Weight Impact Hammer

The working of drop weight impact hammer machine
is very simple; the hammer is raised upto a certain
height and is allowed to impact test specimen. Here
potential energy of hammer gets converted into
kinetic energy and then this kinetic energy gets
converted into internal energy of the specimen. Hence
the basic working principle of the impact hammer
machine is conservation of energy principle. One
important aspect which must be paid due attention
during the design of an energy absorbing structure is
the energy dissipation technique, it must be
transferred in a controlled manner and at a
predetermined rate. Further transferred energy should
be strictly inelastic (Lu and Yu, 2003).

The actual working of the machine is very simple
hammer is raised upto a certain predefined height and a

perfect vertical impact over test specimen is ensured
with help of guided columns, as the hammer strikes the
specimen the sensors activates and suitable data is
extracted, then using suitable data acquisition system
crushing force, speed data is analyzed (Zhang et al.,
2017; Bhattacharya et al., 2006; Aymerich et al., 1997).
In the present simulation, free fall velocity is given to the
simulated hammer model which corresponds to the
drop height with an assumption that there is no
friction between clamp-hoist mechanism, post and
hammer in actual machine.

Material Properties and Finite Element
Modelling

The material chosen for testing is polymeric syntactic
foam. Complete structure of polymeric syntactic foam
is divided in three substructures: reinforcement, matrix
resin and hollow particle material. The syntactic foam
chosen for this study has nanoclay, epoxy and glass as
the three substructures, respectively. This foam
contains 5% by volume of nanoclay and 60% by
volume of glass particles. These foams also has same
regions i.e., elastic region, plateau region and
densification region. Figure 6 shows quasi static stress-
strain curve for all the densities of foam considered in
the present study (Gupta et al., 2013).
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Fig. 5: Variation of displacement-time history at top of foam in comparison with the results reported by Rajendran et al. (2009)
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Table 2: Material properties for polymeric syntactic foam
(Gupta et al., 2013)

Values

Properties

Density, p (kg/m’) 220 320 460
Modulus of elasticity, £ (GPa) 1.5 1.5 1.5
Tension cut off, ¢, (MPa) 8.0 8.0 8.0
Poisson’s ratio, pt 0.3 0.3 0.3
Damping co-efficient, n 0.3 0.3 0.3
Yield stress, o, 30.0 40.0 60.0
Tangent modulus, £, (MPa) 200.0 200.0 200.0

In the present study, material model and properties
chosen for hammer is same as chosen for the validation i.e.,
MAT 003 (MAT PLASTIC KINEMATIC) and for foam
in addition to MAT 063 (MAT CRUSHABLE FOAM),
MAT 024 (MAT PIECEWISE LINEAR PLASTICITY)
is used which is available in material library of
LS DYNA®. The material properties of foam are reported
in Table 2 and stress-strain curves are given in Fig. 6.

In this study, effect of tube is also considered and it is
modelled using MAT 003
(MAT _PLASTIC KINEMATIC). The material card
requires data such as density (p), modulus of elasticity (E),
poisson ratio (p), yield stress (o), tangent modulus (£,)
and their respective values are 2700 kg/m’, 70 GPa, 0.3,
364 MPa and 700 MPa (Pinnoji et al., 2009).

The simulation is carried out for three different drop
velocities which corresponds to different strain rates as
30/s, 40/s, 60/s and the drop velocities are 3.13 m/s, 4.42
m/s, 6.26 m/s which corresponds to a drop height of 0.5
m, 1 m, 1.5 m, respectively. The termination time of the
analysis is set to be 0.025 s and the results are extracted
at an interval of 0.00125 s. This time interval is chosen
because it satisfies the relation A, < //Cy, / is the length of
smallest division of sample and C| is speed of wave
which travels through the material (Johnson, 1972).
Clamped boundary condition is applied at bottom of
hammer and automatic surface to surface contact is used
between top of foam and bottom of hammer.

Results and Discussion

Numerical simulation is done for three densities,
three velocities, two material models for foam and effect
of tube is also considered. So, this totally adds up to
thirty six models and to compare these models reaction
force time history, displacement time history and energy
absorption for all the models is studied. Figure 7 shows
reaction force time history and it is evident that increase
in density leads to increase in reaction force. Same trend
is followed in case of increase in velocity which is true
for both the material models considered i.e., crushable
foam and piecewise linear plasticity model. The effect of
tube in foam filled tube on reaction force time history for
both the material models is considerable for densities
220 kg/m’ and 320 kg/m> whereas for 460 kg/m” slight
change is observed for velocity of 6.26 m/s.
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From the comparison of peak reaction force responses
of models comprising MAT 063 (MAT CRUSHABLE
FOAM) material model with foam filled tube and foam
only configurations, for all densities of foam considered in
the present investigation under a common velocity of 6.26
m/s, it is observed that foam filled tube models result in
12.34%, 12.76%, 9.08% higher reaction force in
comparison with foam only models for density 220 kg/m”,
320 kg/m’, 460 kg/m’, respectively. Similar behaviour but
different values are observed for other velocities
considered in the present investigation.

Whereas, for MAT 024
(MAT PIECEWISE LINEAR PLASTICITY)
comparison of peak reaction force responses of models
comprising foam filled tube and foam only
configurations, for all densities of foam considered in
the present investigation under a common velocity of
6.26 m/s, it is observed that foam filled tube model
results in 9.75%, 8.11%, 7% higher reaction force in
comparison with foam only model for density 220
kg/m’, 320 kg/m’, 460 kg/m’, respectively. Similar
behaviour but different values are observed for other
velocities considered in the present investigation.

Figure 8 depicts the displacement time history and it
can be observed that increase in density leads to decrease
of displacement for both the material models
considered. Effect of tube on displacement time
history is clearly observed for MAT 063
(MAT_CRUSHABLE_FOAM) material model for all
the drop velocities considered whereas for MAT _ 024
(PIECEWISE LINEAR PLASTICITY) the difference
can observed can be observed for velocities 4.42 m/s and
6.26 m/s and negligible difference is observed for 3.13 m/s.

From the comparison of peak displacement responses
of models comprising MAT _ 063
(MAT_CRUSHABLE_ FOAM) material model with
foam filled tube and foam only configurations, for all
densities of foam considered in the present investigation
under a common velocity of 6.26 m/s, it is observed that
foam filled tube model results in 12.09%, 10.42%,
8.17% lower displacement in comparison with foam
only model for density 220 kg/m’, 320 kg/m’, 460
kg/m®, respectively. Similar behaviour but different
values are observed for other velocities considered in
the present investigation.

Whereas, for MAT _
(MAT PIECEWISE LINEAR PLASTICITY)
comparison of peak displacement responses of models
comprising foam filled tube and foam only
configurations, for all densities of foam considered in the
present investigation under a common velocity of 6.26
m/s, it is observed that foam filled tube model results in
10.66%, 9%, 6.62% lower displacement in comparison
with foam only model for density 220 kg/m®, 320 kg/m’,
460 kg/m’, respectively. Similar behaviour but different
values are observed for other velocities considered in the
present investigation.
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Fig. 6: Quasi-static stress-strain curve for polymeric syntactic foam (Gupta et al., 2013)
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Fig. 7: Reaction force time history of polymeric syntactic foam for different densities under different impact velocity for models
with foam only and foam filled tube for crushable foam and piecewise linear plasticity material model
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Fig. 8: Displacement time history of polymeric syntactic foam for different densities under different impact velocity for models with
foam only and foam filled tube for crushable foam and piecewise linear plasticity material model

It is evident from percentage variation that foam
filled tube model gives higher value of reaction force and
lower value of displacement in comparison to foam only
model and the reason can be attributed to the fact that
deformation pattern of foams and tubes is different.
Foam when compressed under loading their cell walls
bend and buckle at constant stress. Whereas, tube
deforms in altogether different way, it buckles into a
series of regular rings until the entire tube buckles. It can
be observed from the studies of previous researchers that
foam filled tube gives higher collapse load in comparison
to foam only configuration and a similar behaviour is
observed in this study (Ashby et al., 2009; Pandarkar et
al., 2016; Jones, 2011; Goel et al., 2017; 2015; 2016).

The common modes of failure of tube are ring,
diamond, mixed mode. In this case Euler’s buckling
mode is observed wherein the foam as well as tube bulge
out and only top and bottom layer bends which
introduces a fold. This reason can be attributed for
reducing displacement and increased resistance to
deformation. As discussed previously, tube and foam
deforms altogether in different manner. Tube has
tendency to buckle inward but due to presence of foam
as a constraint this is not possible and so the tube as
well as foam bulge out. The tube which is present add
on to increase the resistance to deformation and it is
observed from displacement time history and reaction
force time history that foam filled tube configuration
gives higher reaction force and lower displacement in
comparison with foam only configuration. The
crushing force in tube can be calculated by Equation
5, where in, P,is crushing force, o, is yield stress, p/p,
is ratio of relative density and ¢ is axial strain in tube
which is given by Equation 6 (Lu and Yu, 2003):

(&)

15 )
P :0.30\[ﬁj LN
\p,) 4
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From Equation 5 it is observed that force is directly
proportional to density of foam and if Equation 6 is
substituted in Equation 5 then it is observed that force is
directly proportional to strain and so it can be concluded
that increase in density and strain rate (i.e.,) velocity
leads to increase in reaction force and a similar
behaviour is observed in this study. So, it can be said
that foam filled tube results in enhanced energy
absorption compared to foam only configuration.

Figure 9 depicts stress contours for the foam and the
skin, for MAT 024 (MAT PIECEWISE LINEAR
PLASTICITY) material model of density 460 kg/m’
which is impacted with hammer under impact velocity of
6.26 m/s at time duration of 0.01 s. The peak stress
values of foam for all the models are reported in Table 3.
It is observed from the stress values that foam filled tube
models have lesser values of stress in comparison to
foam only models. Thus, the tube along with foam
results in reduced stress as compared to foam only
configuration. So, in absence of tube foam will be
subjected to a higher stress and hence, it leads to more
deformation in the foam. Comparing all the results for
peak stress values of foam filled tube configurations and
foam only configurations. It is observed that presence of
tube reduce the stress in the foam by 5 to 15 %.

Figure 10 shows force-displacement curve and it is
used to calculate the energy absorbed by the material.
The area under force displacement curve gives us the
energy absorbed and it can be calculated by Equation 7:

E= ]-qu

0

)
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A common trend is followed in all the figures that the
curve increases upto a certain point and then it
retraces back. The energy absorbed for all the models
which is calculated with the help of Equation 7 is
reported in Table 4.

By Comparing energy absorption of models
comprising MAT 063 (MAT CRUSHABLE FOAM)
material model with foam filled tube and foam only
configurations, for all densities of foam considered in the
present investigation under a common velocity of 6.26
m/s, it is observed that foam filled tube model results in
9.89%, 9.92%, 9.66% higher energy absorption in
comparison with foam only model for density 220 kg/m’,
320 kg/m’, 460 kg/m®, respectively. Similar behaviour
but different values are observed for other velocities
considered in the present investigation.

Whereas, for MAT 024 (MAT_ PIECEWISE
LINEAR  PLASTICITY) comparison of energy
absorption of models comprising foam filled tube and
foam only configurations, for all densities of foam
considered in the present investigation under a common
velocity of 6.26 m/s, it is observed that foam filled tube

model results in 3.86%, 9.38%, 11.67% higher energy
absorption in comparison with foam only model for
density 220 kg/m’, 320 kg/m’, 460 kg/m’, respectively.
Similar behaviour but different values are observed for
other velocities considered in the present investigation.

From this study it can be concluded that increase in
drop height leads to increase in all the parameters
considered in the present study. In this investigation, MAT
024 (MAT PIECEWISE LINEAR PLASTICITY)
material model in comparison with MAT 063
(MAT _CRUSHABLE FOAM) material model gave
higher value for reaction force and energy absorption
of the models and lower values for displacement. The
reason for this behaviour is due to the difference in
material model. MAT 063 (MAT CRUSHABLE FOAM)
material model is modelled with damping and tension
cutoff. Wherein, MAT 024
(MAT PIECEWISE LINEAR PLASTICITY)
approximates the complete nonlinear stress-strain
curve into many linear segments, it is modelled using
tangent modulus and elastic modulus.

Table 3: Peak stress values attained by polymeric syntactic foam for different material models under different drop velocities

Properties Peak Stress Values (MPa)

Material model  Density (kg/m’) Provision of tube Velocity =3.13 m/s Velocity = 4.42 m/s Velocity = 6.26 m/s

Crushable Foam 220 Yes 20.0
(MAT 063) No 23.2
320 Yes 25.0

No 284

460 Yes 27.5

No 324

Piecewise linear 220 Yes 26.8
Plasticity No 29.0
(MAT _024) 320 Yes 31.8
No 34.1

460 Yes 33.5

No 37.0

27.7 30.0
30.0 33.0
35.1 394
38.0 42.0
41.4 50.0
44.5 543
30.0 34.0
32.0 352
37.6 42.0
40.8 451
48.0 58.6
513 61.8

Table 4: Energy absorbed by polymeric syntactic foam for different material models under different drop velocities

Energy Absorption (J)

Material Model ~ Density (kg/m’) Provision of tube Velocity =3.13 m/s Velocity = 4.42 m/s Velocity = 6.26 m/s

Properties
Crushable Foam 220 Yes 391.24
(MAT _063) No 359.41
320 Yes 401.22
No 380.80
460 Yes 431.39
No 419.00
Piecewise 220 Yes 472.60
linear plasticity No 458.67
(MAT _024) 320 Yes 495.00
No 478.40
460 Yes 525.00
No 495.00

852.30 2010.5
804.72 1829.6
881.40 2050.0
825.20 1865.0
900.00 2085.4
840.00 1902.0
1020.40 2050.0
961.22 1973.8
1060.00 2210.0
1007.20 2020.4
1150.00 2345.0
1050.00 2100.0
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Fig. 9: Stress contours for the foam and the tube for MAT 024 (MAT PIECEWISE LINEAR PLASTICITY) material model
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Fig. 10: Variation of force with displacement of polymeric syntactic foam for different densities under different impact velocity for
models with foam only and foam filled tube for crushable foam and piecewise linear plasticity material model

To get a better understanding of the behaviour of
material the parameters i.e., displacement, reaction force
and energy absorbed is studied with change in velocity
imparted to hammer, analysis time and density of foam.
Figure 11 shows variation of displacement with density
of foam and analysis time for foam filled tube and foam
only models for both the material models. It can be
observed from the figure that increase in density leads to
reduction in displacement response.

Figure 12 shows variation of displacement with
velocity of hammer and density of foam. It can be
observed from figure that for MAT_ 063
(MAT _CRUSHABLE FOAM) material model with
foam filled tube configuration for density of 200 kg/m’
increase in velocity from 3 to 6 m/s leads to increase in
displacement from 7.816 mm to 16.78 mm. Whereas,
corresponding values for 500 kg/m’ is 7.21 to 13.26 mm.
Similar behaviour but different values are observed in
the other models.

Figure 13 shows variation of energy absorption with
velocity of hammer and density of foam. It can be
observed  from  figure that for MAT 063
(MAT_CRUSHABLE _FOAM) material model with
foam only configuration for density of 200 kg/m’
increase in velocity from 3 to 6 m/s leads to increase in
energy absorption from 359.41 to 1829.58 J whereas
corresponding values for 500 kg/m’ is 418.29 to 1902 J.
Similar behaviour but different values are observed in
the other models.

Figure 14 shows variation of reaction force with
velocity of hammer and density of foam. It can be
observed from  figure that for MAT 024
(PIECEWISE LINEAR PLASTICITY) material model
with foam filled tube configuration for density of 200
kg/m® increase in velocity from 3 to 6 m/s leads to
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increase in reaction force from 165.97 to 201.45 kN
whereas corresponding values for 500 kg/m’ is 201.96 to
333.67 kN. Similar behaviour but different values are
observed in the other models.

Figure 15 shows variation of displacement with
velocity of hammer and analysis time for models with
foam filled tube and foam only configuration for both
the material models. It can be observed from the figure
that increases in velocity leads to increase in
displacement response. The maximum displacement of
foam is observed for MAT _ 063
(MAT _CRUSHABLE FOAM) material model with
foam only configuration.

Conclusion

Based on this investigation, following conclusions
are drawn in accordance with the objective defined:

1. The time required for the peak reaction and peak
displacement is same for both the material models
i.e., MAT 063 and MAT 024 for all the velocities
considered in the present study

2. Increase in density leads to increase in reaction
force, decrease in displacement and increase in
energy absorption for all the velocities considered in
the present investigation

3. For a particular density and material model, increase
in velocity leads to increase in all the parameters
considered in the present investigation

4. Effect of tube is dominant for low density foam i.e.,
220 kg/m® for all the velocities, whereas for 460
kg/m’ the effect is observed only for 6.26 m/s



Yash M. Chordiya and Manmohan Dass Goel / International Journal of Structural Glass and Advanced Materials Research 2019, Volume 3: 40.55
DOI: 10.3844/sgamrsp.2019.40.55

=12
11.15 b
@ ® é 12.70
El - :g 10 10.58
E 8 7.433 5 | aer
P
5 P37 § 6.350
g 3.717 = A
Q 2
s 1.858 A .
o
B 0 0
/A MAT 063 2000
0.025 Foam filled tube 250 ;\/IAT_0613
20 2 0.025 roamonly
% 3% 0.020
’ @& 7 400 0.015
RS o ®. 450 0.010
o, 0.000 I 2y 0.005 RS
) 500 500 " 0.000 e
(d)
() 3 8350 . 9.350
= 7.792
—~ 6.958 = i
g 5567 g 6 :
=
£ 4175 = 4675
£ N 2 4 3.117
5] 2783 g .
5 1.392 Q 2 :
3 : & :
= 0 &
Z MAT 024 A 200 MAT 024
& 200 Foam filled tube Foam only
0.025
300 0.025 QQQ 7350 0020
0.020 %, 400 .
350 0.015 % 0.010
Q%_ ' o, 450 0.005
o, 05 - @3 500 7 0.000 @
%, 0.000 LD o
Gy so0 o

19.00
(a) 16.80 (b)
15.18 17.17
~
= 13.57 E 1533
é 11.95 £ 13.50
= 1033 < 11.67
=} I 9.833
aé 8.717 g :
8 7.100 =1 8.000
< MAT 063 & MAT 063
B~ Foam filled tube [} Foam only
(@)
13.60
© 12 12.18 d 15.15
10.75 13.55
’g 9.325 P " 11.95
g 0 500 E 10.35
N~ .
% . 6.475 ?E’ " 8. 750
Q
g 5.050 g 7.150
5 8 8 5.550
- 6 MAT 024 k=)
2 500 Foam filled tube & MAT_024
[} 6.0 450 B 6 500  Foam only
[a)
0 = 6.0 450
byt vy 3
o, 40 250 &N : 240 ) o;}&
{1'(;12/ 35 200 0299 Ociy, 35 '6{‘5
] (mg 30 200 &

Fig. 12: Variation of displacement with velocity and density for crushable foam and piecewise linear plasticity material model
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