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Abstract

An experimental and numerical investigation was carried out to know the crashworthiness performance of layered frusta tube
structures against axial impact loading. The configuration of AA-1080 frusta tubes was varied as single, double, triple and
four layers, whereas the mass and velocity of the impactor were kept 20 kg and 6.7 m/s, respectively. For three-dimensional
finite element analysis, commercial code Ansys/Ls-Dyna was employed and experiments were carried out through drop
weight impact tester. The failure modes obtained through experiments and numerical simulations were compared and found
similar for different multiwall frusta structures. The different configurations of layered frusta tubes were evaluated based on
crashworthiness parameters in terms of peak force (PF), mean force (MF), crushing load efficiency (CLE) and energy absorp-
tion capability (EAC). Moreover, a parametric analysis was carried out by maintaining a constant taper angle of 5.71° with
a slight variation in height, thickness, diameter and mass of impactor to analyze the dynamic response of layered frusta tube
structures. The volume of all sets of layered frusta tube structures was kept approximately the same. Compared to double-
and four-layered frusta tubes, the three-layered frusta tube proved to be more efficient against dynamic loading condition.

Keywords Drop weight impact - Layered frusta - Crashworthiness - Ansys - Ls-dyna - Energy absorption

1 Introduction

Safety issue has become the most prominent factor in design-
ing of the vehicles with the rapid development of high-speed
and high-power engines. In this context, the structures with
lightweight material have been developed by researchers and
engineers from last few decades and their crashworthiness
parameters have been explored. Crashworthiness is the char-
acteristics of the structures due to which the impact energy
dissipates by deforming their own shape and thus reduces
the risk of serious injuries [1].

The thin-walled tubular structures have drawn major
attention of the researchers wherein the structures with
varying cross section, materials, thickness, length and their
physical properties have been studied against static as well
as dynamic loading [2—7]. Further, the response of the struc-
tures has been addressed with controlled plastic deformation
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by introducing additional geometric features (grooves and
slots in radial or axial directions) [8—12].

There are several studies published in literature that
explore the deformation mechanics of thin walled compo-
nent against quasi-static loading where the effect of inertia
was not considered in the analysis. In the case of dynamic
loading due to the existence of inertia and strain rate effect,
the collapse behavior of the structure was found different.
The strain rate effect was studied in order to explore the
crushing response of cylindrical tube made of aluminum
and steel with variation in geometric parameters and impact
velocity [13]. The obtained results showed that the effect of
dynamic loading on steel tube was higher compare to the
aluminum tube because of the material strain rate sensitivity
effect. The Alexander modified analytical model [14] that
derived with the influence of strain rate sensitivity factor
was used to predict the mean crushing load.

The main purpose of the collapsible energy absorber
is to protect the occupants by deforming its own structure
during the collision. These systems are often used in high-
risk areas when there is a risk of human damage to the
property. In published literature, the structure was used in
the form of uniform circular and rectangular cross section.
Despite it, few literatures emphasized the functioning of
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frusta tube as an energy absorber. The frusta tube is in the
form of non-uniform tubular structure, i.e., varying cross
section throughout the length that help the structure to
deform in stable manner along with that absorb the maxi-
mum amount of impact energy.

As there are many energy absorber structures, the hol-
low tube uniform structure (various cross sections—circu-
lar, rectangular, square, etc.) has prominent advantageous
over other available structures. A hollow tube having cir-
cular cross section is the first preference in automobiles
because of its ease of manufacturing.

Apart from the uniform structure (faces parallel to
the longitudinal axis), the taper structure (faces inclined
towards the longitudinal axis) was also discussed by the
researchers. Fig.1b shows circular frusta which hav-
ing an infinite number of tapered edges. Such structures
have been considered preferable to straight (un-tapered
tubes) since it provides a desirable constant mean crush
load—deflection response under both axial and oblique
impact loading [15]. Since the deformation behavior of
frusta under oblique condition differs significantly from
the axial condition, there is more scope of research in this
field. Various designing parameters like semi-apical angle,
thickness, upper and lower diameter and height are con-
sidered while designing. Figure la and b shows a sche-
matic of circular frusta tube and fabricated frusta tube,
respectively.

The frusta having a circular cross section provided a
uniform load—displacement curve compared to the energy
absorber such as circular, rectangular, pyramidal, hexagonal
and triangular [16]. The gradual varying cross-sectional area
of the structure influenced their energy absorption capability.
Further at the time of the impact, the taper tubes produced
less inertia effect [14] which helped to minimize the Euler-
buckling deformation mode

Fig.1 a Schematic represen-
tation of frusta tube and b
fabricated frusta tube

Prasad and Gupta [17] analyzed large angle frusta against
both quasi-static and dynamic loading conditions. The load
displacement plot and the collapse behavior of frusta were
found similar for both loading conditions, whereas for the
dome shell it was different as different strain rates. With an
increase in the slenderness ratio, the energy absorption and
the mean load of the frusta tube increased.

Sobky et al. [18] investigated the effect of constraint pro-
vided in frusta tube under impact loading condition. For
analysis four constrained structures were developed such
as: (1) top constrained, (ii) bottom constrained, (iii) com-
pletely constrained and (iv) non-constrained frusta. The top
end constrained frusta tubes offered highest specific energy
absorption.

Recently, multicell [19-21] and multiwall [22] tubes
have been found to be of great interest due to its higher
energy-absorbing capability in low-volume structure. Kim
[19] explored a multicell profile having a four-square cell
at the corner and found the improvement in crushing per-
formance. In the same context, Mahmoodi et al. [20] stud-
ied the tapered thin walled tubes having multicorner and
multicell configurations. It was found that crashworthiness
performance of such structure indicated a strong reliance
on the geometry and cross section of the structure. Gan
et al. [21] investigated the crushing response of multifrusta
configuration against the axial impact loading. The analy-
sis was mainly focused on the column spacing, cells, num-
ber of tubes and combination of cone. It was found that a
cross-arranged combination of taper tubes improves energy
absorption capacity.

Kashani et al. [22] explored the response of square bi-
tubular structure under the quasi-static loading condition
through experimental and numerical investigation. The
bi-tubular structure with two configurations of inner tube
(diamond and parallel) was studied to predict the energy
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absorption capacity. The energy absorption in a parallel
configuration was up to 8% more than the sum of the energy
absorbed by the inner and outer tubes, while it was up to 36%
higher in a diamond arrangement of bi-tubular construction.

Goel [23] compared the crushing performance of bi-tubu-
lar and tri-tubular structures having both square and circular
cross section with the foam filler and found that circular
section enhanced the energy absorption capacity.

The development of multicell and multiwall tubular struc-
ture showed significant increase in crashworthiness perfor-
mance of the structure. The reported studies mainly reported
the crushing behavior of circular and rectangular multiwall
and multicell tubular structures. However, the studies related
to the tapered multiwall structures are very limited despite
its good crashworthiness performance in crash event. In
order to explore its suitability for a better energy absorber,
a thorough study is therefore required.

The current work emphasized the crashworthiness perfor-
mance of developed hybrid frusta tube in the form of layer
(double, triple and four layers) having a circular cross sec-
tion against low-velocity impact loading. The work focused
on the deformation characteristics that obtained from both
experimental and numerical analysis. Furthermore, obtained
results provide a detailed comparison in terms of applied
mass loading and the number of layers associated with each
configuration of hybrid frusta tube structure. The different
layered frusta configuration with a combination of height
including double-layered (91.6 mm and 82 mm), triple-lay-
ered (91.6 mm, 86 mm and 78 mm) and four-layered (91.6
mm, 87 mm, 82 mm and 77 mm) along with the thickness

variation (2.3 mm to 0.4 mm) has been explored to identify
better energy absorption structure.

2 Material and specimen

The fabricated frusta samples were made of AA-1080
through a spinning process.

The optical electron spectrography (OES) was used to
determine the chemical composition of metal sheets, and
the results are depicted in Table 1.

The fabricated frusta tube was developed in the form of
layer as shown in Fig. 2.

2.1 Material details

In the current work, AA-1080 was used to fabricate the lay-
ered frusta tube. The main objective is to develop hybrid
frusta and examine the deformation behavior against the
low-velocity impact loading. As aluminum having a light-
weight and less cost, the designer more focused on it and
developing an energy absorbing structure that replaces the
steel.

The primary reason for selecting a material as aluminum
AA-1080 is that it is widely used material as an energy
absorbing component and it is easily available in market. In
addition to this, we chose an AA-1080 in order to provide
more data for a different grade of aluminum.

The mechanical properties of the fabricated sample were
determined by the INSTRON universal testing machine

Table 1 Chemical composition

Material ~ Si Fe Cu Mn Zn Cr Ti Other Aluminum
of AA-1080
wt% 0.043  0.145 0.0017  0.0013 <0.0017 0.0013 0.025 0.0182  99.77
D, "
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Fig.2 Schematic representation of developed layered frusta tube
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with a capacity of 30 tons at a rate of 2 mm/min. For this,
two dumbbell-shaped samples were cut via wire EDM
from the fabricated sample [24], which complies with the
ASTESM-98 standard. Figure 3 represents the obtained true
stress—strain plot.

The mechanical properties found from the true
stress—strain plot are depicted in Table 2.

2.2 Samples specifications

A total of four sets of each layered frusta tube were simu-
lated with the same semi-apical angle as well as the same
volume difference.

In order to examine the effect of thickness for each lay-
ered configuration, volume was calculated and found the dif-
ference of it. Then, the obtained volume difference of each
layered was added and that has to be found approximately
close to the difference of volume for monolithic frusta hav-
ing thickness 2.3 mm. In the current analysis, the height,
thickness and diameter (both the upper and lower ends) of
the sample varied in order to preserve approximately the
same volume.

The volume of specimen was calculated as:

XL
3

V= (D} + D;x D, + D?) 1)

2.3 Samples nomenclature

For sample identification, each one was assigned with the
combination of numbers and alphabets that have a specific
significance. The different frusta tubes, i.e. double-, triple-
and four-layered structures, were named as W2, W3 and

Fig.3 Obtained true stress— 120 1
strain curve of AA-1080 [24]
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Table 2 Mechanical properties of AA-1080

Property Modulus of  Poisson’s Ultimate ten- Yield strength
elasticity ratio sile strength
Value 69 GPa 0.33 106.72 MPa  93.61 MPa

W4, respectively. In each layered frusta tube, four models
were simulated that identified as DB1 to DB4, DT1 to
DT4 and DF1 to DF4 for respective double-, triple- and
four-layered structure.

3 Experimental and simulation details
3.1 Experimental details

The drop weight impact test was performed on the layered

frusta tube with the impactor mass of 20 Kg. The achieved

velocity of the impactor was 6.7 m/s. Figure 4 shows the

drop weight impact setup which consists of one long 2-m

seamless cast steel tube (HSN-7304) to provide a path for

the impactor and a base on that specimen has to be kept.
The impact velocity was measured as:

V =1/2gh @)

where g = gravitational acceleration

h = distance that the object travels or falls

Table 3 depicts the specification details of the double-
layered (Ex_W2_DB), triple-layered (Ex_W3_DT) and
four-layered (Ex_W4_DF) frusta tube.

The drop weight impact test provides the details of
deformation modes of the samples mentioned in Table 3.
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Fig.4 Schematic view of drop weight impact test

3.2 Numerical modelling details

The nonlinear finite element software Ansys-LS-Dyna was
used to simulate and explored the crashworthiness perfor-
mance of the layered frusta tube against impact loading. In
simulation impactor mass varied as 20 kg, 30 Kg and 40
Kg, in order to evaluate the collapse behavior of layered
frusta tubes at different impactor mass. The simulated model
comprised with the one top rigid plate, deformable frusta
structure and lower rigid plate. During assigning contacts,
top rigid plate was considered as master and frusta struc-
ture was assigned as slave surfaces. The slave body assigned
as the Belytschko—Tsay shell element (four-node shell ele-
ment), and the master surface was considered as solid. The
velocity was assigned to upper rigid plate, whereas bottom
rigid plate was constrained in all the directions. The Mat24-
piecewise linear plasticity material model was assigned to
the layered frusta, and the Mat20-rigid was considered for
the rigid plate. The automatic surface to surface contact
was established between layered frusta and the rigid plate
as well as between the frusta layers. The automatic single
surface contact (acting as self-contact) was assigned to the

tube in order to avoid the interpenetration between the tubes,
as folding progresses during the impact loading.

The optimum mesh size was obtained through a mesh
convergence study. Vivek et al. [25] studied different mesh
sizes (0.8, 1.2, 1.5, 2 and 2.5) and simulate the double-layer
frusta tube. The obtained peak force (PF) was compared with
the experimental results. The PF for the mesh size of 1.2 mm
was close to the value obtained through experimental results.
Further, the percentage error of PF value was minimum for
the mesh size of 1.2 mm. Therefore, it is considered as opti-
mum mesh size for further simulation.

In the simulation, the body which is deforming by the
means of folding creates a chance to penetrate the successive
layer or the boundary and affects the results and deforma-
tion pattern. Therefore, in order to avoid such condition two
friction coefficients, i.e. dynamic and static, have to define in
the keyword Contact. Chahardoli and Nia [26] studied num-
ber of values and found that 0.3 and 0.2 (taken as dynamic
and static coefficient of friction) provide a good agreement
between the numerical and experimental value. Therefore,
in the current study the value of static and dynamic friction
was assigned as 0.3 and 0.2, respectively.

The simulated sample details are shown in Table 4.

4 Result and discussion
4.1 Validation of numerical model

The primary concern before simulating the developed design
was the accuracy of the numerical model. The developed
sample referred in Table 3 was experimentally evaluated in
the current paper using a drop weight impact test. In addi-
tion, the same loading and boundary condition was used for
the numerical analysis to verify the opted numerical model
with the experimental results.

In this paper the validation of numerical model was pre-
dicted based on the deformation characteristics for each lay-
ered configuration. In order to predict the accuracy in the
absence of the force and displacement curve, the deformed
structure was compared through its cut-section view. It
provides the detail comparison of folding of each layer of
double-, triple- and four-layered frusta tube. Both experi-
mentally and numerically observed deformation was found
nearly similar mode of folding that helps the reliability of
the current study.

In order to provide a similar experimental condition, the
mechanical properties were obtained from the uni-axial
tension test and true stress—strain plot was obtained, see
Table 2.

The deformation modes of double-, triple- and four-lay-
ered frusta tube structure obtained through experiments and

@ Springer
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Table 3 Specification details of the experimentally tested layered samples

Larger end Smaller end Height .
Sample Part Diameter (Dy) diameter (Dy) (H) Thickness (t)
(mm)
(mm) (mm) (mm)
Inner 62.6 44.88 91.6 1.1
Ex W2 DB
Outer 65 48 85.5 1.2
Inner 60.8 433 91.6 1.05
Ex W3 DT Middle 63.3 47 85.8 1.15
Outer 66.2 51.1 79.5 1.2
Inner 61.3 43 91.6 1.15
Second 63.36 46.2 87 1
Ex W4 DF
Third 65.4 49.5 82 1
Outer 67.5 53 77 1

numerical simulations were compared in order to verify the
reliability of the chosen FE models.

As the impact happens, tubular structures which act as
an energy absorber deform with the formation of concer-
tina (i.e., axisymmetric ring formation), diamond (i.e., lobes
formation) and mixed mode (i.e., concertina followed by a
diamond mode). In case of layered hybrid frusta tube struc-
tures, the deformation mechanism showed a new kind of
deformation known as a rolling mode of deformation [25].
In this the inner layer starts to deform with the outward fold-
ing and completes one roll followed by a concertina folding.

For double-, triple- and four-layered structures, the actual
crushed length was 25, 22 and 18 mm, respectively, whereas
corresponding numerical values were 23.8, 21.5 and 16.25
mm, respectively. The crush length obtained from actual and
predicted results was close enough for particular case. Fig-
ure 5 reflects the experimentally and numerically obtained

@ Springer

deformation pattern of double-layered frusta and found
nearly the same modes of failure, i.e., concertina folding
accompanied by lobe formation initiation. It was further sup-
ported by means of a section view, see Fig. 5b, in that lobes
were identified at the same location.

In case of three-layered frusta tube, the structure
deformed with the initiation of the outward folding. As the
deformation progressed, it formed the lobes that caused the
diamond mode of failure that is shown in Fig. 6. The cut-
section view (Fig. 6b) shows the diamond failure modes of
all layers of frusta structures.

Further, in case of four-layered frusta tube, the layers were
folding in outward direction that can be observed in Fig. 7.
The cut-section view is shown in Fig. 7b; it was observed
that the inner tube of both numerically and experimentally
tested sample deformed with the initiation of inward folding
followed by the lobes formation.
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Table 4 Specification details of samples

Larger end

Smaller end

Sample Part Diameter (D)) diameter (Dy) Height (L) Thickness (t) Volurgle
(mm) (mm) (mm®)
(mm) (mm)
Inner 61 42.8 91.6 1.2
Tnner Part W2_DBI 32802.37
Outer 63.2 46.8 82 1.1
Outer Part
Inner 61 42.8 91.6 1.3
W2_DB2 32811.40
Outer 63 46.6 82 1
Inner 61 42.8 91.6 1.4
W2_DB3 32819.82
Outer 62.8 46.4 82 0.9
Inner 61 42.8 91.6 1.5
W2 _DB4 32827.65
Outer 62.6 46.2 82 0.8
Inner 61 428 91.6 0.9
W3 _DT1 Middle 62.6 45.4 86 0.8 32868.18
Outer 63.8 48.2 78 0.6
Inner Part
Inner 61 42.8 91.6 1
Outer Part W3_DT2 Middle 62.6 45.4 86 0.8 32864.19
Outer 63.6 48.2 78 0.5
Inner 61 42.8 91.6 1.1
W3_DT3 Middle 62.4 452 86 0.7 32893.02
Outer 63.4 47.8 78 0.5
Inner 61 42.8 91.6 1.2
W3 DT4 Middle 62.2 45 86 0.6 32846.73
Outer 63.2 47.6 78 0.5
Inner 61 42.8 91.6 0.8
aner Pt Second 62.2 44.6 87 0.6
— W4 DF1 32803.90
Third 632 46.6 82 0.5
| mhirdpae Outer 64 484 77 04
Inner 61 42.8 91.6 0.9
Second 62 44.6 87 0.5
W4_DF2 32823.51
Third 63 46.6 82 0.5
Outer 63.8 48.4 77 0.4
Inner 61 42.8 91.6 1
W4 _DF3 32835.60
Second 62 44.6 87 0.5
Third 62.8 46.4 82 0.4
Outer 63.6 48.2 77 0.4
Inner 61 42.8 91.6 1.1
Second 61.8 44.4 87 0.4
W4_DF4 32776.4
Third 62.6 46.2 82 0.4
Outer 63.4 48 77 0.4
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Concertina folding followed by
initiation of lobe formation

(@)

Cut section

Concertina
folding

Initiation of lobe
formation

(b)

Fig.5 Comparative analysis of experimentally and numerically obtained deformation pattern of double layered 15 frusta tube: a whole model,

and b cut-section

Outward folding followed by diamond mode
deformation

[ |

(a)

Cut section
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(b)

Fig. 6 Comparative analysis of experimentally and numerically obtained deformation pattern of triple-layered frusta tube: a whole model and b

cut-section

The collapse modes and the behavior of folding had
therefore proposed that the use of the FE model in the cur-
rent investigation can be regarded as a reliable approach for
evaluating the experimental examination.

4.2 Crashworthiness indicators

The capability of the structure to withstand against impact
loading condition depends on the crashworthiness param-
eters: peak force (PF), mean force (MF), crash load effi-
ciency (CLE) and energy absorption capacity (EAC). These
parameters were extracted from the load—displacement plot
of layered frusta that was obtained at a different impactor
mass. The obtained results at a different impactor mass are
depicted in Table 5.

@ Springer

The PF (initial maximum force) is not intended to reach
a higher value in a very short period of time, which triggers
the sudden reaction force felt by the occupant or the sur-
vival object. Therefore, PF is considered as a very significant
parameter that describes the performance of the structure
along with the deformation behavior.

In the current analysis, the layered frusta tube was ana-
lyzed with a constant velocity of 6.7 m/s against the range
of impactor mass (20, 30 and 40 Kg). A maximum PF was
observed for the double-layered frusta tube compared to
three- and four-layered configurations against all the masses.

The different sets of double-layer frusta tubes showed
significantly higher variation in PF and found that the range
was 19.54-28.18 KN, 18.75-28.47 KN and 20.39-28.27 KN
for 20, 30 and 40 Kg impactor weights, respectively.
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Deformation followed by outward
folding of tube

(a)

Cut section

Inner tube deforms with the inward
folding followed by lobe formation

(b)

Fig. 7 Comparative analysis of experimentally and numerically obtained deformation pattern of four layered frusta tube: a whole model and b

cut-section

From these variations, it was concluded that the dou-
ble-layered structure showed inconsistency in achieving
the initial PF that directly affects the performance of the
structure.

In the same manner, for triple-layered frusta structure,
the variation of PF was found as 17.67 - 20.88 KN, 18.62
- 21.09 KN and 18.65 - 19.92 KN, respectively, against
20, 30 and 40 kg impactor mass, respectively, whereas for
four-layered frusta respective range was 17.34 - 18.80 KN,
17.44 - 19.14 KN and 17.39 - 19.54 KN for 20, 30 and 40
Kg impactor mass.

The MF must be close enough to the PF to have a higher
CLE, which is determined by the ratio of the MF to the
PF. It helps to deform the structure in stable manner that
is clearly observed from the load—displacement plot of dif-
ferent sets of layered configurations. For different impactor
mass the variation in CLE was found more for the simu-
lated layer frusta tube. For the double-layer frusta, the
CLE range was 52% to 62%, 57% to 71% and 56% to 77%
for the 20, 30 and 40 Kg impactor mass, respectively. For
triple-layer frusta structure, respective range of CLE was
65% to 81%, 65% to 80% and 76% to 81% and the corre-
sponding variation for four-layered frusta was 59% to 78%,
62% to 80% and 67% to 83% obtained for the 20, 30 and 40
Kg impactor mass, respectively. In addition, the load—dis-
placement curve stability reflects the higher EAC, as it is
defined as the region under the load—displacement curve.

In simulation process the load—deformation curve
was obtained that further helps to determine the energy
absorbing capability (EAC) of the layered hybrid frusta
tube structures. The energy was calculated by integrating
the obtained simulated load—displacement curve and the
higher value of EAC reflects the stability of the load—dis-
placement curve.

4.3 Failure modes of multilayered frusta tube

Figures 8, 9 and 10 show the failures mode of double-, tri-
ple- and four-layered frusta tube structure, respectively, that
undergone with different impactor mass.

As the impactor mass increased, the crushed length of
layered structure increased along with change in deformation
pattern. The early contact of the impactor with the structure
forms a concertina mode in the case of a double layered
frusta tube, which changed to diamond mode as the deforma-
tion progressed, see Fig. 8. The same behavior of double-
layer frusta tube was found for all studied impactor mass.
The inner tube deformed with the development of inward
folding at the initial impact, which provided a plastic flow
of the outer layer before the impactor actually came into
contact. It caused the outward rolling mode of deformation
of the outer layer.

The resistance offered by the structure was reduced as
the diamond mode formed, which was directly depicted in
the load—displacement plot of the double layer frusta. The
unstable behavior of the load—displacement plot caused the
decrease in MF, and because of this the difference in PF and
MF increased, resulting in a reduction in CLE.

The three-layered frusta and four-layered frusta struc-
ture deformed in controlled manner with the formation of
concertina mode for all impact loading. The steady mode
of deformation enhanced the performance of the structure.
The three-layered structure formed a concertina mode for all
studied impact mass, indicating the stability of the structure
under the dynamic impact loading condition.

For four-layered frusta structure, folding was not identical
against studied impact mass. After concertina mode, some
lobes were formed in case of 20 kg and 30 Kg impactor mass
that led the diamond mode of deformation.
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Table 5 Obtained crashworthiness parameters at different impactor
mass loading

Sample PF (KN) MF (KN) CLE (%) Energy (J)
Impactor mass =20 kg

W2_DBI1 28.18 15.47 0.55 433.24
W2_DB2 19.54 10.22 0.52 295.55
W2_DB3 25.62 15.17 0.59 429.06
W2_DB4 24.79 15.41 0.62 421.83
W3_DT1 18.76 14.05 0.75 400.62
W3_DT2 20.88 13.49 0.65 390.67
W3_DT3 17.67 14.29 0.81 407.42
W3_DT4 18.61 12.92 0.69 370.96
W4_DF1 18.35 13.24 0.72 380.34
W4_DF2 17.34 13.45 0.78 385.76
W4_DF3 18.80 12.81 0.68 367.14
W4_DF4 18.62 10.97 0.59 319.24
Impactor mass = 30 kg

W2_DB1 27.94 16.41 0.59 621.30
W2_DB2 18.75 10.73 0.57 418.12
W2_DB3 28.47 16.95 0.60 636.27
W2_DB4 25.75 18.28 0.71 662.75
W3_DT1 19.11 14.72 0.77 567.31
W3_DT2 21.09 13.72 0.65 538.40
W3_DT3 18.62 14.82 0.80 572.60
W3_DT4 19.27 13.89 0.72 536.11
W4_DF1 18.90 13.75 0.73 533.65
W4_DF2 17.44 13.98 0.80 542.76
W4_DF3 19.14 13.59 0.71 524.65
W4_DF4 18.89 11.75 0.62 458.16
Impactor mass =40 kg

W2_DBI1 25.84 16.81 0.65 806.02
W2_DB2 20.39 11.44 0.56 558.60
W2_DB3 28.27 17.44 0.62 828.42
W2_DB4 25.08 19.27 0.77 890.77
W3_DTI 18.92 15.16 0.80 737.31
W3_DT2 19.92 15.16 0.76 737.21
W3_DT3 18.65 15.19 0.81 741.46
W3_DT4 19.30 14.63 0.76 708.12
W4_DF1 19.10 14.57 0.76 708.09
W4_DF2 17.39 14.51 0.83 706.26
W4_DF3 19.54 13.97 0.71 679.74
W4_DF4 18.74 12.48 0.67 608.43

4.4 Load-deformation response of multilayered
frusta

Figures 11, 12 and 13 show the load—displacement and
energy—displacement plot of layered frusta tubes that
examined against 20, 30 and 40 Kg impactor mass. It
was observed that, among all load—displacement plots,

@ Springer

the simulated double-layer frusta tube showed variation
throughout the deformation.

It happened because, in order to maintain the same vol-
ume, the thickness variations in the double-layer frusta tube
were more than in the other layered configurations of frusta
tube. Furthermore, it was found that the maximum thickness
variation throughout the deformation process resulted in a
higher PF, which was particularly noticeable for the double-
layered frusta tube.

After reaching the maximum PF, the fall of the load
reflected the formation of a plastic hinge that further initiated
the folding. At the same time, the subsequent layer of the
layered tube contributed to the further phase of deformation
along with the impactor. The subsequent layer, other than the
layer on which direct impact loading was performed, began
to deform as a result of the impact wave produced during
the original impact. The deformation was transmitted onto
the adjacent layers, bringing the entire system to reach in a
plastic state.

As the interaction of layer increased, the initial peak force
decreased that can be easily observed from the load—dis-
placement plot of triple- and four-layered structures (see
Figs. 12 and 13). The inclusion of layers as the deforma-
tion progressed helped to keep the mean force (MF) close
to the peak force (PF), which was not attained in the double-
layered configuration.

Both the triple- and the four-layer frusta tube structures
displayed stability in the load—deformation curve.

The energy—displacement curve for the double-layered
frusta tube was not identical like the response of remaining
layered frusta tube, see Figs. 11a, 12a and 13a. In double-
layer frusta, some of the simulated model achieved a maxi-
mum stroke length but the corresponding energy absorption
capacity was lower. The triple- and four-layered frusta tube
illustrated the stability of the load—displacement curve; cor-
responding to it, energy absorption behavior represented the
identical trend line.

4.5 Effect of loading and number of layers

The layered frusta tube structures were investigated against
three impactor masses 20, 30 and 40 kg at a constant veloc-
ity of 6.7 m / s. The four configurations were taken for each
layered frusta tube, and the average value of MF, PF, CLE
and EAC is plotted in Figs. 14 and 15 against respective
impactor mass. The stroke length of the layered frusta raised
with increase in the number of layers of the frusta structures
and impactor mass. It was observed that the stroke length
increased for the same loading condition with increase in the
number of layers of the frusta, see Fig. 14a. The allocated
thickness of each layer was reduced with the increase in the
layers and achieved a comparatively higher stroke length.
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Fig.8 Comparison of folding pattern of the double-layered frusta tube at different impactor mass
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Fig.9 Comparison of folding pattern of the triple-layered frusta tube at different impactor mass

This clearly indicated that the thickness was a significant
factor for a layered configuration design.

In order to compare the energy absorption by the different
layered configuration of the structure, the crushed length
was kept identical against particular mass, i.e. 32 mm for
the 20 Kg, 45 mm for the 30 Kg and 54 mm for the 40
Kg impactor mass. Fig. 14b shows that the energy absorp-
tion decreased with increase in the layers of the structure.
It was found that when the layers increased from double to
triple the EAC decreased by 0.6%, 5.3% and 5.1% for the
impact mass loading of 20, 30 and 40 Kg, respectively, and
further increased in layer from triple to four, EAC reduced
as 7.4%, 7% and 7.5%, respectively, for 20, 30 and 40 Kg

mass loading. The reduction of the EAC was found to be a
minimum for the triple layer relative to the four-layer frusta
tube. Furthermore, with the increase in the layers for frusta
structure, the stroke length increased for a particular mass
and corresponding to the same stroke length EAC was found
to be lower for all impactor mass, see Fig. 14.

At the same time, the reaction force offered by layered
structure during the initial impact was decreased with the
rise in number of layers for all studied impactor mass (see
Fig. 15), similar to the case for quasi-static loading [25]. As
layers increases from two to three, the reduction of PF was
found to be nearly 23% for all impactor mass, whereas PF
reduction was found to be 4% for 20 Kg, 5% for 30 Kg and
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Concertina mode of deformation

20Kg 30Kg

40 Kg

Fig. 10 Comparison of folding pattern of the four-layered frusta tube at different impactor mass

3% for 40 Kg impactor mass when layers increased from
three to four (see Fig. 15a).

This implied that as the layers increased in the multiwall
frusta structure, the effect of initial impact decreased that
was more important for the survival of the occupant in the
crumble zone. The reduction in MF was found to be less
for the triple- and four-layered frusta structure compared
to the double-layered frusta tubes (Fig. 15b) that affected
the corresponding crash load efficiency (Fig.15c). As the
difference between PF and MF was more, the crash load
efficiency was less.

5 Conclusion

In the present paper, the effect of low-velocity impact on the
crashworthiness performance of double-, triple- and four-
layered frusta tube structure was examined. The effect of
impactor mass was analyzed based on the crashworthiness
parameters. The significant findings from the present study
are as follows:

e Layered configuration was affected by the thickness dis-
tribution of consecutive layers. For identical impactor,

@ Springer

stroke length was found to be increased with increase in
number of layers in the frusta structure.

The peak force dropped significantly as the number of
layers of the frusta tubes increased, with a slight reduc-
tion in mean force. The PF reduction when the layer
increases from double to triple was found to be nearly
23% for all studied impactor mass, while it reduced as 4%
for 20 kg, 5% for 30 kg and 3% for 40 kg impactor mass
when layer increases from three to four.

With the increase in the layer, EAC of the structure
decreased. When the number of layers increased from
double to triple, it dropped as 0.6%, 5.3% and 5.1% for
the impact mass loading of 20, 30 and 40 kg, respec-
tively, and the EAC decreased by 7.4%, 7% and 7.5%,
respectively, for 20, 30 and 40 kg impactor mass when
the number of layers increased from triple to four in a
multiwall frusta structure.

The CLE varied from 0.52 to 0.62, 0.57 to 0.71 and
0.56 to 0.77 for double-layered, 0.65 to 0.81, 0.65 to
0.80 and 0.76 to 0.81 for triple-layered, and 0.59 to
0.78, 0.62 to 0.80 and 0.67 to 0.83 for four-layered
frusta tube against 20, 30 and 40 kg impactor mass
loading, respectively.
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