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ABSTRACT
Analysis of crashworthy structures has been a primary area of interest for many
researchers for quite a few years now. The quest for a better energy absorbing structure or
a better crashworthy structure has led researchers to carry out various analysis procedures
experimentally and also by simulating the characteristics. E-glass fiber reinforced epoxy
wrapped over aluminum tube has proven to possess better energy absorbing capabilities.
This study attempts to analyze certain characteristics of such hybrid structures.
This thesis examines the properties with respect to energy absorption of the above
mentioned tubes when certain parameters such as ply orientation, angle of impact, speed
of impact for different aspect ratios, are varied. The axial crushing behavior and the
energy absorption capability of aluminum composite hybrid tube under quasi-static
loading is studied using LS-Dyna finite element solver. A aluminum tube, externally
wrapped with E-glass epoxy composite material with two layers and ply orientation of
+/- 30o, +/- 45o and 0/90o, are used for finite element analysis. The speeds considered are
8mph, 15 mph and 30 mph. The angles of impact considered are 0o, 15o, and 30o. The
analysis is carried out for various permutations and combinations of the above mentioned
parameters, and the results obtained are studied and aims at optimum set of parameters
for making the energy absorption of such hybrid structures.
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CHAPTER 1
INTRODUCTION
Safety has been a significant concern in the area of design for a long time now.
Safety with respect to vehicles looks at various areas while designing one. One of these
aspects is to be able to withstand impact without causing any harm to the occupants. This
property can be achieved by designing vehicles consisting of crashworthy structures.
Crash worthiness of a structure is defined as the ability to absorb the impact energy and
thereby bringing the passenger compartment to rest without the occupant being subjected
to high or sudden deceleration, which can cause serious injuries. Gradual decay in the
load profile and controlled failure mechanisms are some of the properties through which
crash worthiness can be achieved. Crash worthiness is expressed in terms of specific
energy absorption Es (SEA) which may change with the material. Specific energy
absorption is the ratio of energy absorbed to the unit mass of the material. This can be
expressed as follows
Es = W

(1.1)

(Vρ )

Where W is the total energy absorbed, V is the volume of crushed material and ρ is the
density of the material.
Weight, fuel efficiency, and overall economy are primary constraints when it
comes to designing a crashworthy material for either aircrafts or automobiles. Polymer
composite materials seem to have taken over most metals when it comes to satisfying
these constraints. Composites possess properties such as high strength to weight ratio,
stiffness to weight ratio, resistance to fatigue and corrosion and most importantly
tailorability. This gives them a higher priority when compared to other materials.
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The method of failure in case of composites is brittle unlike a ductile failure
response in case of metals for any applied load. Composites fail under crush or impact
through a series of fracture mechanisms where as metals collapse by plastic deformation
due to either buckling or folding in an accordion type fashion. Some of the failure
mechanisms of the composites are fiber fracture, matrix crazing and cracking, fiber
matrix debonding, and delaminations, inter ply separation. And the sequence of the
damage or fracture depends highly upon lamina orientation, crush speed, triggers and
geometry of the structure Starbuck et al [31]. Most widely used geometry in case of
crashworthy structures is in the form of axisymmetric tubes. This is due to the ease in
fabrication and them being close to the geometry of the actual crashworthy structures. Lot
of experiments are being carried out to determine the energy absorption capabilities of
metal-composite hybrid tubes involving various factors like fiber matrix volume,
geometry, ply orientation, fiber thickness, tube wall thickness, angle of impact etc. In this
thesis an effort has been made to study the variation in the energy absorption for hybrid
tubes for varying aspect ratios.

1.1 Crashworthy Tubes
There has been an ongoing search for a material with high energy absorption
capabilities. Composites and aluminum have proven to be two materials which possess
this property when compared to other materials. Experiments to determine energy
absorption capabilities were carried out on aluminum and composites individually as well
as a combination of aluminum in the interior with filament wound E-glass fiber
reinforced epoxy overwraps. The later showed better results when compared to the
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previous two Ragalyi and Mallick [32]. Research conducted by Song et al [10] on tubes
with steel and copper in the interior when compared to the ones consisting aluminum
showed that hybrid tubes with aluminum in the interior have better energy absorption
properties than the others.
The current rules obligates the vehicles to be designed such that the occupants of
the vehicle do not experience a resulting force producing a deceleration greater than 20g
when the vehicle is traveling at a speed of 15.5 m/s (35 mph). Main energy absorbers in
an event of a vehicle crash are upper and lower side rails of the front structure. Usually
the side rails are designed to a cross section of square, rectangle or hexagon. When a
vehicle crashes, these four sides of the rails absorb 70% of the impact through
progressive plastic deformation. It is being tried to replace as many metal parts as
possible with composite materials due to their weight and their capability to improve fuel
efficiency. The fracture mechanism in case of composites is complex and is greatly
dependent on geometry of the structure, ply orientation, type of impact and crushing
speed.
Hybrid tube are made up of metal on the inside wrapped with composite plies.
According to the study carried out by Hanefi [23] and Song [10] it can be seen that
hybrid tubes possess a better energy absorption capability than only aluminum tubes or
composite tubes. In case of hybrid tubes, aluminum which is on the inside absorbs energy
via plastic deformation while the composite material on the outside does the same
through crack propagation and bending of fronds. Optimization of a crash worthy
structure depends on its composition, fabrication characters, and volume ratio of metal to
composites. Crashworthiness can be mathematically expressed in terms of specific
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energy absorption (SEA), Es with respect to the characteristic of a particular material.
This is also defined as the energy absorbed per unit mass of the material. The
mathematical expression is given by Es=σm /ρ. The Figure 1.1 shows the behavior of an
ideal crush load across crush length trace. We can see that the energy absorption is
maximized for the crushed material by the phenomenon where the crush load rises to a
peak when the crushing begins and drops at a certain point and remains constant there
after. The idea here is to minimize the initial peak load so as to avoid large energy being
imparted on the occupants. This facilitates in managing energy efficiently and allowing
the material to absorb all the energy which might get transferred to the occupants.

Figure 1.1 Typical load vs. displacement of progressive crushing

4

1.2 Methods of Testing
Based on the rate of loading, crush testing can be carried out in two ways which
are quasi-static testing and impact testing.
1.2.1

Quasi-static testing
Quasi-static testing can be defined as test carried out on the specimen at a

constant speed which might range between 1.5x10-3 m/s to 0.1 m/s. The test specimens
are compressed between parallel, flat platens. One of the platens is stationary while the
other is traveling at a constant speed. Quasi-static tests are easy to control and the
equipment required is not very expensive compared to other forms of testing. These are
few reasons why quasi-static testing has an edge over other types of testing. However this
type of testing cannot be considered to be a true simulation of actual crash conditions due
to the sensitivity of certain materials with respect to their strain rate. Although materials
show good energy absorption after quasi-static testing, one cannot be convinces that they
are crashworthy structures. This is because the energy absorption capability of
crashworthy structures is highly dependent on the speed at which they are crushed.

Figure 1.2 Schematic of quasi-static test setup
5

1.2.2

Impact Testing
Impact testing can be carried out in the form of drop testing. A schematic

representation of drop impact testing is shown in figure 1.3. The axis of the specimen is
matched to be parallel with that of the drop weight while it is mounted on the apparatus.
The speed and impact energy are calculated and the drop weight is placed at a distance to
obtain the pre-calculated values of speed and impact energy. The experiment is then
carried out. Impact tests provide conditions matching very closely to the real time
conditions. Factors like stress rate sensitivity of the materials is also taken into
consideration while this test is carried out. However the total time for the test is very less.
Equipments like high speed camera, lot of electronic controllers to collect the test data
are required. Due to this, impact testing turns out to be expensive. The schematic shows
some of the equipments used in impact testing.

Figure 1.3 Schematic of impact test setup
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1.3 Calculation of specific energy absorption
It is the energy absorbed per unit mass of material. The area under the load
displacement curve with respect to figure 1.1 is given by
Sf

W =

∫ P.ds

(1.2)

0

Where W is the total energy absorbed while crushing of the hybrid tube specimen, P is
the crush load and Sb if length of the crushed portion of the specimen. Progressive
crushing mode with better characteristics properties is given by
Sb

W = ∫ Pds = Pm ( S b − S i )

(1.3)

0

Where Pm is the mean crush load and Si is the initial length of the crushed portion of the
specimen as shown in figure 1.1. Specific energy absorption Es is given by

Es =

W
m

(1.4)

Where m is the mass of the hybrid tube
Combining equations 1.2 and 1.3 we get

Es =

W Pm ( S b − S i )
=
m
Vρ

(1.5)

Where V is the volume and ρ is the density of the hybrid material. The above equation
can also be expressed as follows
Es =

W Pm ( S b − S i ) Pm ( S b − S i )
=
=
m
Vρ
ALρ

Where A is the cross sectional area and L is the length of the hybrid tube.
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(1.6)

If Si is very small when compared to Sb the above equation can be written as
Es =

Pm .S b
ALρ

(1.7)

But the ratio of Sb to L is known as the measure of collapsibility of the hybrid tube,
which is expressed by
K=

Sb
L

(1.8)

Substituting the value of K in the equation 1.7 we can rewrite the same as follows

Es =
Where σ

m is

Pm K σ m K
=
ρ
Aρ

(1.9)

the mean crush stress. In certain situations it becomes difficult to determine

the mean crush load from the displacement curve. The energy absorption capability of the
material can be found by considering the area under the whole load displacement curve.

1.4 Modes and Mechanisms of Crushing

The three fundamental modes of failure of a tube under compression load are as
follows
1.4.1 Euler Buckling
In this case the member subjected to compression buckles. This means that the
member moves laterally and shortens under a load it can no longer support. However in
case of automotive structures this phenomenon is not common. It can be avoided by the
choice of tube length, cross section and wall thickness.
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1.4.2 Progressive Crushing
This characteristic is common in case of tubes made up of ductile material.
However can be achieved in tubes made up of brittle material by using proper trigger
mechanism. The function of a trigger is to act as a stress concentrator to initiate failure at
a specific location within the structure. Chamfering one end of the tube is the most
widely used method of triggering. Song et al [10] found that progressive crushing is an
effective indicator of energy absorption mechanism and efficiency. Few advantages of
progressive failures are as follows
Larger energy absorption than in case of catastrophic failure
Low value of ratio of peak load to mean crush load as compared to structures
failing catastrophically
The three kinds of progressive crushing reported are 1) local buckling or also known as
progressive folding, 2) Transverse shearing or fragmentation mode and 3) Lamina
bending or splaying mode.

1.4.3 Catastrophic failure
It is a type of failure which is sudden and total, which cannot be recovered from.
During this type of failure there is a sudden increase in load to the peak value in a short
period of time and this is followed by a sudden drop. As a result of this the energy
absorption of the material will be less. This mode of failure is not of much interest when
it comes to designing a crashworthy structure.
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1.5 Objectives

As we all know, safety of a vehicle has been a primary area of interest and
research since many years. There has been an ongoing search for better energy absorbing
structures. Researchers have been trying to modify various parameters on materials and
carry out research on them to determine their energy absorption capabilities. Mamalis et
al [3] reported results of his experiments on bi material tubes. He determined that they
possess better energy dissipating capabilities. Ever since then bi-materials have been the
major area of interest for researchers. Bi-materials not only have better energy dissipating
capabilities but are also cost effective, weigh less, can be fabricated easily and have
excellent crashworthy performance. Ragalyi and Mallick [32] reported that hybrid tubes
made up of aluminum tubes in the interior wound with E-glass fiber-reinforced epoxy
overwraps possess higher energy absorption capabilities than either aluminum or
composite tubes. Song et al [10] further studied that aluminum when wrapped with Eglass fiber-reinforced epoxy overwraps has better energy absorption capabilities when
compared to steel or copper in the interior of the hybrid tube. This work has been
motivated after carrying out some amount of study in this field, to understand different
factors affecting the energy absorption capabilities of these materials, in depth. The idea
is to make a significant contribution to the research being carried out in the field of
hybrid tubes.
This thesis would analyze different aspect ratios with respect to parameters like
fiber orientation, crush speed for energy absorption capabilities of hybrid tubes. Study
was carried using LS-Dyna, an explicit finite element code. Modeling was performed
using PATRAN (pre-processor) and analysis code using LS-Dyna.
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CHAPTER 2
LITERATURE SURVEY
2.1 Introduction
Low cost, ease of fabrication and good energy absorption capacity have been the major
factors for researchers to concentrate on axi-symmetric hybrid tubes made up of a thin wall metal
tube and fiber/resin composite tube, amongst all the crash worthy members. Even tough
extensive research has been carried out on metals; researchers today are concentrating on fiber
reinforced polymer composites due to its advantages over metals. Most fiber reinforced
composites absorb energy through a combination of fracture and friction [1], where as metal
absorbs energy though plastic deformation [1, 2]. Stable progressive crushing is very much
essential for a metal or a composite to absorb energy effectively. Localized failure enhances a
stable progressive crushing. This happens through one end of the specimen and continues
through the entire specimen keeping the rest of the body of the specimen undamaged but the
crush front. Ideally a chamfer on one end of the tube is utilized as a crush initiator. A crush
initiator is essential to ensure progressive crushing so as to create local stress concentration in
both metals and fiber-reinforced composites.
Amongst all the research been carried out on bi material tubes, Mamalis et al in 1991 [3]
were the first to study this area. They based their studies on various factors like the type of
material, thickness, its fabrication characteristics, its geometry, and volume ratio of metal to
composites. Rectangular tubes are known to be less efficient in absorbing energy as compared to
circular ones. The corners of square tubes act as stress concentration areas. This leads to quick
splitting to tubes that may result in unstable collapse and low energy absorption. Few parameters
that affect the energy absorption are highlighted since it is an important aspect in increasing the
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efficiency of the tube with respect to its energy absorption capabilities. Some of the
characteristics of the energy absorption capabilities of hybrid tubes have been discussed in the
following sections.

2.2 Effect of Ply orientation
Research carried out by Hull [2] shows that fiber lay-up of 0-90o of glass/epoxy is better
than + 45o by 40%. Similarly the difference with respect to glass/polymer tubes is about 50%.
Another study by Farley [6] on glass/epoxy, carbon/epoxy and Kevlar/epoxy composite tubes
with respect to the fiber orientation showed significant difference when these materials were
subjected to energy absorption trends. Further studies conducted by Hamada et al [7] showed
that hybrid tubes reinforced with both carbon and dyneema fibers/epoxy had a decrease in their
energy absorption capability with an increase in fiber orientation to the longitudinal axis of the
tube. Another study of varying angle orientation of lay up done by Berry [8] on woven glass
fabric/polyester tubes showed that tubes with the warp and weft directions of 45o to the tube axis
was 30% less when compared to tubes with warp and weft direction parallel to the axial 0o and
hoop 90o directions. This is due too more fracture and material deformation.
Ramakrishna et al [9] studied tubes with fiber orientations of 0o, + 5o, + 10o, + 15o, +20o,
+25o, and +30o with respect to the axis of the tube. He determined that the specific energy
absorption capability of the tube is a function of the angle of the fiber orientation. Hong [10]
conducted experiments to study the effect of ply orientation on energy absorption capability of
tubes with glass/epoxy layers wrapped on aluminum tubes. His results discussed both quasistatic as well as impact test conditions stating that the energy absorption of tube increased with
increase in θ. The representation of these results is shown in figure 2.1
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Fig 2.1 Effects of ply orientation on energy absorption [10]

The effect of axial compression and bending load was investigated by Shin et al [11]. The
investigations were with respect to energy absorption capabilities of composite wrapped around
aluminum tubes. The observations showed that 0o ply orientation was crushed catastrophically
absorbing less energy due to the method of separation of the two materials at the interface.
Further studies showed that the tube with 90o ply orientation was crushed with stable load
buckling failure mode. Where as hybrid tubes with 0o/90o and + 45o ply orientation showed
mixed crushing mode. Their studies showed that inner aluminum tube absorbed energy through
plastic deformation where as outer composite material absorbed energy through crack
propagation and bending of fronds. They concluded that tubes wrapped with 90o ply orientation
possess the best energy absorption.
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Thus from all the above mentioned studies we can say that the angle or ply orientation θ
is inversely proportional to the length of the longitudinal cracks. This results due to the increase
of fracture toughness with increase in the angle, which in turn resists the growth of the crack.
There by resulting in higher energy absorption for the composite material.

2.3 Effect of crush speed
Knowing the effect of testing speed becomes a very important aspect to understand the
energy absorption capabilities of hybrid tubes. Many researchers have studies this effect and
have come up with their observations. A drop hammer test conducted by Schmueser [12] on
glass/epoxy, graphite/epoxy, kevlar/epoxy circular tubes showed that the dynamic specific
energy was lower than static energy for the three types of orientation.
A study on pultruded glass fiber reinforced tubes, made with polyester or vinyl ester resin
was conducted by Thornton [13] to determine the effect of crush behavior at high speeds. The
results of his experiments showed that while the crush speed increased, the circular tubes made
up of polyester resin, had an increase in specific energy. However he discovered opposite results
when he tested tubes made up of vinyl ester resin. In a different experiment conducted by Farley
[14] showed that circular cross section tubes got crushed at speeds varying from 0.001 m/s to 12
m/s. they determined that the rate of crushing speed on energy absorption is a function of strain
rate.
The case mentioned earlier in this report, conducted by Hong [10] gives a graphical
description of the phenomenon being discussed which is shown in figure 2.1. We can clearly see
that the tubes absorb more energy in dynamic loading when compared with quasi static loading.
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The experiment conducted by Langseth [18] on thin square walled aluminum subjected to axial
loading showed that increase in mean crush force increases with crushing speed.
2.4 Effect of triggering geometry and its location
Specimen geometry is known to have significant effect on specific energy absorption.
Experimental analysis carried out by Thornton and Edwards [5] on circular, square and
rectangular cross section tubes showed that the order for lay-up and tube geometry is greatest for
circular tubes followed by square tubes and then rectangular tubes. Farley [17] found that
Kevlar/epoxy tubes show significant results with variation in geometry as compared to
graphite/epoxy tubes. Farley and Jones [17] from their experiments concluded that nearly
elliptical cross section tubes absorbed more energy with increase in the percentage of corner in
the tube. Hamada et al [7], determined that specific energy of glass/epoxy specimens decreased
by 20% with change in cross section from full to quarter circle, however carbon/PEEK tubes
showed only 5% change. Thornton [16], Thuis and Metz [18] conducted studies on various types
on crush initiators and its effect on sustained crushing of material. Figure 2.2 shows few types of
crush initiators. The most common amongst these is bevel or chamfer type crush initiator
Sigalas, Kumosa & Hull [19].

Figure 2.2 Types of crush initiators
15

Mamalis, Yuan & Viegelahn [20] found out that specific energy reduces with greater
thickness and that circular tubes absorb more energy when compared to square tubes and the
increase in cone angle for circular cone specimen reduces specific energy absorption.

2.5 Analytical methods to calculate energy absorption
There have been many studies conducted on the energy absorption capabilities of hybrid
tubes. With reference to Alexander [33], Hanefi and Wierzbicki [23] proposed a simplified
analytical model. This model holds good for static compression of externally composite
reinforced metal tubes with a winding angle of 90o. They assume a compound wall which
deformed as shown in figure 2.3.

Figure 2.3. Crumpling model. a) Before collapse b) during collapse c) final collapse shape. [23]
They assumed that the total energy was dissipated in three ways. Wm being the membrane energy
dissipated, Wc the energy absorbed by the composite reinforcement and Wb being the bending
energy dissipated in the wall. The wall length equal to four times H. the derivation for Wm, Wc,
and Wb in terms of H is given as follows.
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Wm = 4πσ o t m H 2 ,

(2.1)

Wc = (Wc )ten + (Wc )com = 2πt c H ( Hσ cf + RE c ε ct2 )

(2.2)

Wb = 2π 2 RCσ o t m2

(2.3)

Where σ o is the stress flow in metal, σ cf is the ultimate compression stress of the composite in
the fiber direction, tm is the wall thickness of metal, tc is the wall thickness of the composite, H is
the hinge length, ε ct is the Wct/R, Wct is the length of unfractured composite parts, C s a function
of material property and geometry. C is given as follows.
⎛σ
1⎡
C = ⎢2 + 2⎜⎜ cr
2⎢
⎝ σo
⎣

⎞⎛ t c
⎟⎟⎜⎜
⎠⎝ t m

⎞
⎛σ
⎟⎟ + 2⎜⎜ cr
⎠
⎝ σo

⎞⎛ t c
⎟⎟⎜⎜
⎠⎝ t m

2

⎞
⎛σ ⎞
⎟⎟ − ⎜⎜ cr ⎟⎟
⎠
⎝ σo ⎠

2

⎛ tc
⎜⎜
⎝ tm

⎞
⎟⎟
⎠

2

⎤
⎥
⎥⎦

(2.4)

The Cowper-Symonds constitutive equation considering strain rate effects is given as

σ / σ 0 = 1 + (ε / D)
d
0

*

1
p

(2.5)

Where D and p are customary co-efficient obtained from experiments [34, 29, 35].
Equating the energy dissipation to the work of external load we have.
4 HPm = 4 HPm 1 + 4 HPm 2 = (Wb + Wm ) + Wc

(2.6)

Re writing equation 15 to match the static compression we have
1
⎡
⎤
*
P = Pm ⎢1 + (ε / D) p ⎥
⎣⎢
⎦⎥

(2.7)

d
m

Thus for impact condition the dynamic mean crushing load can be expressed as.
1
⎡
⎤
*
P = Pm 1 ⎢1 + (ε / D) p ⎥ + Pm 2
⎣⎢
⎦⎥

(2.8)

d
m
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Pmd =

1
⎡
⎤
1
1
(Wb + Wm ) ⎢1 + (ε * / D) p ⎥ +
Wc
4H
4
H
⎣⎢
⎦⎥

(2.9)

From reference [23, 24] ε 2 = 2ε pυ m /δ eff where ε p is the mean circumference strain, υ m is the
mean crushing velocity, and δ eff is the effective crushing distance. Alexander considered the
effective crushing distance to be equal to be as follows.

δ eff = 2 H − 2 x m − t

(2.10)

Figure 2.4 Effective crushing distance [10]
Empirical value xm = 0.14H, and t=tm+tc. thus the effective crushing length distance can be
written as
2δ eff = 3.44 H − 2t

(2.11)

Substituting δ eff in equation 2.11 we get
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ε* =

0.518 Hυ o
R(1.72 H − t )

(2.12)

Substituting all the above equations 2.12 we can obtain the dynamic mean crushing load to be
equal to
1
⎡
⎤
p
0
.
518
H
υ
⎛
⎞
1
2
2
2 ⎥
d
o
⎢
⎟ + 2πt c H ( Hσ cf + RE c ε ct )
Pm =
(2π RCσ o t m + 4πσ o t m )⎜⎜1 +
⎥
DR(1.72 H − t ) ⎟⎠
3.44 H − 2t ⎢
⎝
⎢⎣
⎥⎦ c

(2.13)
This model gives better results for tubes with metal on the inner side of the tube wound with
composite on the outside with the ply angle of 90o.
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CHAPTER 3
MODELING OF HYBRID TUBE
3.1 Introduction
Simulating the test conditions and recording the results has become the popular
way of conducting research in today’s world. These results are then compared to actual
test results. Designing and analyzing test conditions using finite element modeling is one
of the popular techniques used by researchers. Various software’s are used to perform
this task. The finite element models now a day have the capability of simulating the
characteristic of metals to absorb energy and deform plastically through folding of
collapsing. Such characteristics can be accurately modeled by the software’s being used
today [26]. Even the results obtained thru these software’s are close to the actual test
results. In this study various experiments have been carried out using the software to
analyze the behavior of hybrid tubes by altering the aspect ratio, fiber orientation, and
crush speed.
The test structure modeling in this study was carried out using a pre-processor
(PATRAN), the analysis code was generated using LS-DYNA and Hypermesh and the
analysis was carried out in the post processor LS-POST. The creation of the geometry
and meshing the same was done in the pre processor. Then the material and boundary
conditions were specified. Once this process was completed the analysis code was
generated. This code was then analyzed in the post processor.
LS-DYNA is a general purpose transient dynamic finite element program capable
of simulating complex real world problems. LS-DYNA is being used by Automobile,
Aerospace, Manufacturing and Bioengineering Companies. LS-PREPOST is an advanced
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interactive program for preparing input data for LS-DYNA and processing the results
from LS-DYNA analysis. LS-DYNA is a multifunctional applicable explicit and implicit
finite element program to simulate and analyze highly nonlinear physical phenomenon
obtained in real world problems. Usually those phenomenons are subjected to large
deformations within short time duration, e.g. crashworthiness simulations.
LS-DYNA provides many features which makes it a very powerful tool to solve
easy to very complex problems. Significant features of this software are it capabilities to
create fully automatic definition of contact areas. It possesses large library of constitutive
models and large library of element types. It has industry specific implementations.
Moreover it possesses special features for metal deforming applications. These features
allow the user to apply LS-DYNA for a wide range of different applications areas. The
main applications are crashworthiness of various structures, metal forming, and drop
testing. LS-DYNA being an explicit solver it is not necessary to solve simultaneous
equations thus reducing the computational time. The software consists of an extensive
library including membrane, thin and thick shell and solid formulation. One could
simulate the crack propagation and damage in composites using the cards available in this
software.

3.2 Classification of Loading
Static, fatigue, high speed/rapid loading and impact/shock are the four types of
loading

classifications

generally

considered

in

engineering

applications.

The

classification is done with respect to the rate of loading or rise time upon the mechanical
system. Figure 3.1 shows the load time on a system.
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Figure 3.1: Graph showing load vs time

3.2.1 Static loading
When the rise time of the load is three times greater than the fundamental period
(Tn) of the mechanical system, static loading is most likely to occur. The analysis of the
system is carried out by using methods of analysis of stress, strain and displacement to
calculate the static material properties.

3.2.2 Fatigue loading
It is the type of loading where the load varies with time and the rise time from one
magnitude to other still remains greater than three times the fundamental period (Tn).
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3.2.3 High speed or rapid loading
The rise time for this type of loading ranges between 1.5 to 3 times of
fundamental period (Tn) of the mechanical system. This type of loading is used for
vibration methods of stress and displacement study analysis.

3.2.4 Impact or shock loading
Impact or shock loading is less than 0.5 times the fundamental period (Tn) of the
mechanical system. Impact loading is one of the most expensive types of experimental
analysis due to the equipment and prototype requited to test the specimens. This being a
form of destructive testing, any mistake during the testing will not only result in improper
data but also incur financial loss. Due to this drawback FEA is considered to be an
alternate solution to actual experimental impact testing. Here mistakes can be easily
corrected and they do not affect the end result. It also assists in performing testing by
varying various parameters without nay additional cost. This would usually cost much
more if one had to acquire the data by performing the experiments.

3.3 Modeling details of hybrid tubes
3.3.1 Finite element model
Figure 3.2 shows the dimensions of the hybrid tube used in this analysis. The
outer square aluminum tube is 25mm X 25mm and the wall thickness ta is 1.6 mm. the
composite wall thickness tc wrapped on the aluminum tube is 1.9 mm, which varies with
the number of layers used. Two layers of + 30o, +45o, and 0/90o ply orientations are used
for this analysis.

23

Figure 3.2 Geometrical description of the hybrid tube

Aluminum and composite are modeled based on Belytschko-Tsay quadrilateral shell
elements. According to Belytschko-Tsay the mentioned thickness is assigned to both
sides of shell elements. According to this the inner aluminum surface if modeled to the
dimension of 23.4 mm x 23.4 mm and the outer surface is modeled to the dimension of
26.9 mm x 26.9mm.
The meshing of the inner and outer surface is carried out using quadratic shell
elements of size 2 mm x 2mm. The rigid wall was meshed using solid elements.
Aluminum and composite material properties were defined to the respective elements.
The chamfer which acts as a trigger was modeled by reducing the thickness of the
element as proposed by Schweizerhof [27]. Complete modeling is shown in figure 3.3
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Figure 3.3 Finite element model of hybrid tube

Chamfering is done so as to obtain progressive crushing during testing. The
height of each chamfered element is 2.1 mm along with the thickness of the top element
of 0.875mm (0.25 times the thickness of the hybrid tube) and the bottom thickness of the
chamfer being 2.625 mm (0.75 times the thickness of the hybrid tube). Each layer of the
composite was differentiated by the integration points, located evenly throughout the
thickness. The key file was modified with respect to the number and the location of the
integration points using the section shell and integration cards. The rigid body modeled
weighed 100 kg and moved at a constant speed of 0.1 m/s for quasi static test condition.
The speed however was altered as per the requirement using the load curve card.
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3.3.2 Material model
The material used for the inner aluminum tube was aluminum alloy 6063-T52 and
the same for outer composite tube was E-glass fiber reinforced epoxy [25]. The material
model

card

selected

for

aluminum

was

MAT

24,

known

as

MAT_PIECEWISE_LINEAR_PLASTICITY. Define curve card is used to assign stress
v/s effective plastic strain value. The values for true stress-strain characteristics of
aluminum tube are obtained by performing tension tests on specimens of tubes [26]. This
has been shown in figure 3.4.

Figure 3.4 Stress strain curve for aluminum tube
The material model card used for composite layer was MAT 54. This card is
known as MAT_ENHANCED_COMPOSITE_DAMAGE. This card includes the
material property model representing an orthotropic material which behaves linearly and
also allows for nonlinearity through damage parameters [Chang and Chang] or [Tsai and

26

Wu]. Fiber breakage, fiber micro buckling, matrix crushing, debonding at fiber matrix
interface and delaminations are some of the commonly observed failure modes of
composite laminates. Except the debonding failure mode others can be subjected to shell
theory due to their dependability on in plane stresses. The debonding failure mode needs
a three dimensional representation of constructive equation and kinematics, which cannot
be subjected in thin shell theory. The transverse shell deformation was modeled using
CONTROL_SHELL card so as to activate laminated shell theory. This was done because
MAT 54 card is valid only for thin shell elements. The material property of E-glass fiber
reinforced epoxy is given in table 3.1.

Table 3.1
Material property of unidirectional E-glass/epoxy lamina

3.3.3 Failure criteria
Either Tsai-Wu or Chang-Chang failure criterion can be used in modeling
material using MAT 54 in LS_DYNA [29]. The Tsai-Wu failure criterion is very easy to
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use and it is a quadratic stress based global failure prediction. Although failure modes
observed in composite material is not considered by this criteria. Tensile fiber mode,
compressive fiber mode, tensile matrix mode and compressive matrix mode can be
considered using the Chang-Chang criteria which is the modified version of Hashin
failure criterion where the above mentioned failure criteria were separately considered.
Chang-Chang modified the Hashin equation to include the non-linear shear stress-strain
behavior of a composite lamina. In order to analyze the behavior of laminate after each
successive lamina fails they defined the post-failure degradation rule. According to which
if a fiber breakage or matrix shear failure occurs both the transverse modulus and minor
Poisson’s ratio are reduced to zero. However the change in longitudinal modulus and
shear modulus follows a weibull distribution. The transverse and minor Poisson’s ratio
reduces to zero, while the longitudinal modulus and shear modulus remains unchanged
when matrix tensile or compressive failure occurs first. In this study the equations
selected for analysis is based on Chang-Chang failure criterion which is given below.
•

Tensile failure mode: (Fiber rupture)
If σaa > 0

⎛σ
Then e = ⎜⎜ aa
⎝ Xt
2
f

2

⎛σ ⎞
⎞
⎟⎟ + λ ⎜⎜ ab ⎟⎟ − 1 [ ≥ 0 failed, < 0 elastic]
⎝ Sc ⎠
⎠

(3.1)

Where λ is the weight factor for the shear term in the tensile fiber mode and ranges from
0-1.
Ea = Eb = Gab = υab = υba = 0, after lamina failure by fiber rupture.

•

Compressive failure mode: (Fiber buckling or fiber kinking)
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If σaa < 0
⎛σ
Then e = ⎜⎜ aa
⎝ Xc
2
c

2

⎞
⎟⎟ − 1 [ ≥ 0 failed, < 0 elastic]
⎠

(3.2)

Ea = υab = υba = 0 after laminate failure by fiber buckling or kinking

•

Tensile matrix mode: (Matrix cracking under transverse tension and in-plane shear)
If σbb > 0
⎛σ
Then e = ⎜⎜ bb
⎝ Yt
2
m

2

2

⎛σ ⎞
⎞
⎟⎟ + λ ⎜⎜ ab ⎟⎟ − 1 [ ≥ 0 failed, < 0 elastic]
⎝ Sc ⎠
⎠

(3.3)

Eb = υab = Gab = 0 after laminate failure by matrix cracking

•

Compressive matrix mode: (Matrix cracking under transverse compression and inplane shear)
If σbb < 0
⎛σ
Then e = ⎜⎜ bb
⎝ 2S c
2
d

2
⎞ ⎡⎛ Yc
⎟⎟ + ⎢⎜⎜
⎠ ⎢⎣⎝ 2 S c

2
⎤⎛ σ ⎞ ⎛ σ
⎞
⎟⎟ − 1⎥⎜⎜ bb ⎟⎟ + ⎜⎜ ab
⎥⎦⎝ Yc ⎠ ⎝ S c
⎠

2

⎞
⎟⎟ [ ≥ 0 failed, < 0 elastic]
⎠

Eb = υab = υba = Gab = 0 after laminate failure by matrix cracking

In the above mentioned equations
σaa and σbb = stresses in the direction of fiber and normal to the fiber respectively
σab = shear stress in lamina plane.
Xt and Xc = tensile and compressive strengths in fiber direction, respectively
Yt and Yc = tensile and compressive strength in matrix direction, respectively
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(3.4)

Sc = shear strength
Ea and Eb = modulus in the longitudinal and transverse directions, respectively

The failure characteristics of each lamina property can be checked using the
above mentioned equations. The post failure conditions are applied to that lamina and a
ply-discount method after the lamina fails. This is applied to determine its subsequent
contribution to the laminate’s load carrying capacity and failure.
Along with the stress related failure criteria represented in the above equations,
maximum strain limit were also specified for fiber tension and fiber compression using
DFAILT and DFAILC parameters in MAT 54. The usefulness of these parameters is
better explained in figure 3.5.

Figure 3.5 Stress-strain curve of uni-axial fiber composite material
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The figure can be explained as follows. The material strength of the fiber is
considered to be 800 Mpa and if the DFAILT is set to zero, the stress in the fiber
direction increases until it reached 800 Mpa in longitudinal direction. Once this is
achieved the fiber breaks and the stress in the fiber reduces to zero. The corresponding
failure strain in the fiber direction is 0.026 or 2.6%. In this case the lamina behaves as an
linear-brittle material. On the other hand, if DFAILT is set to 0.023, the stress in the fiber
remains constant after it reaches 800 Mpa. Failure occurs when the directional strain
reaches (0.026 + 0.023) = 0.049 or 4.9%. In this case the lamina behaves as an elasticperfectly plastic material. Parameters like FBRT, YCFAC and TFAIL are used in
MAT_ENHANCED_COMPOSITE_DAMAGE card in order to account for degradation
in nominal strength due to the diffusive crack formation in the crash front and
delaminations of the stacks. FBRT and YCFAC account for reduction in tensile and
compression strength in the fiber direction after the occurrence of the compressive failure
of the matrix.

3.3.4 Contact Modeling
The contact algorithms that were used for the analysis are listed below
•

CONTACT_AUTOMATIC_SINGLE_SURFACE (CASS)
CASS is used to avoid the interpenetration of the successive folds in hybrid tube and
to simulate interaction between the aluminum wall and the composite wall.

•

CONTACT_AUTOMATIC_SURFACE_TO_SURFACE (CASTS)
Calculations with respect to large deformations can be performed easily with this
card. It defines the interface between the hybrid tube and the rigid body.
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CHAPTER 4
RESULTS
4.1 Validation of Hybrid Model
The crush behavior of circular and square cross sectioned hybrid tubes was
studied by Mallick et al [25]. The hybrid tube considered was of inner aluminum 6063T52 tube wrapped with E-glass fiber/epoxy. The hybrid tube was tested on test frame
with load capacity of 330 kN at a speed of 12.7 mm/min. The orientation of the fiber
considered was +/- 45o.
In this study LS-Dyna solver was used to simulate the performance of the hybrid
tube under quasi-static test condition. The tube considered is of two layered E-glass
epoxy composite prepeg, wrapped on aluminum tube. The fiber orientation was + 30o, +
45o, and 0/90o. The simulation was carried out for different speeds. The assumptions
made for the models are as follows.
The hybrid tube has sharp edges
The coefficient of friction between aluminum and composites was assumed to be
0.25
The folding pattern obtained was as desired and proved to be a good characteristic for
crashworthy structure. The simulation was setup for a condition with a loading plate of
100kg, moving at a constant speed of 0.1 m/s.
To represent the quasi-static loading by the FEM simulation the following verifications
were made.
The ratio of kinetic energy and internal energy was less than 5%
The ratio of hourglass energy to internal energy was less than 10%

32

The ratio of internal energy to the output energy was between 0.9 and 1.0

The force vs displacement curve obtained from this numerical model was similar
to that obtained from the experimental test. But the mean crush force was lower by 9%
and the reason for that is no bonding considered for analysis. The mean crush force
obtained by experimental test was 26.98 kN and that of FE hybrid model is 24.70 kN. A
9% variation in the result is within the acceptable limit. Based on this result parametric
studies were conducted for different conditions.
Crush pattern of hybrid tube at different time step is shown in Figure 4.1. Quasistatic impact condition was considered for the analysis. Chamfer triggering mechanism
was used to achieve progressive crushing. This will reduce the initial force for localized
crushing. This reduces the ratio of peak load to the mean load, which is a desired
characteristic for a ideal crashworthy structure. All the structures considered were of
equal weight. Analysis was conducted using various parameters like ply orientation,
crush speeds and angle of impact for different dimensions of the hybrid tube.

A) Hybrid tube before crush initiation
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B) Beginning stage of the progressive crushing

C) Progressive crushing of the hybrid tube
Figure 4.1 Different stages of progressive crushing in hybrid tube
4.2 Parametric study
In this study LS-Dyna solver was used to simulate the performance of the hybrid tube
under quasi-static test condition. The tube considered is of two layered E-glass epoxy
composite prepeg, wrapped on aluminum tube. The fiber orientation was + 30o, + 45o,
and 0/90o. The simulation was carried out for different speeds.
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4.2.1 Effect of side ratio
The variation in energy absorption was observed by varying the ratio of the sides
of the specimen. 85 mm of the crush length was considered for this study. Initially the
test was carried out on the specimen with initial dimensions as in section 3.3. Later the
dimension of one side was reduced by first 10 % and later 20 %. The same of the other
side was increased so as to keep the mass of the total body constant. The results obtained
are as follows.
Energy Absorption for Various Side Ratios
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Figure 4.2 Force vs. Displacement response of hybrid tubes for different side ratios (ply
orientation +/- 30o)
Table 4.1
Effect of side ratio on energy absorption

Side Ratio

PMax (kN)

PMean (kN)

Energy Absorption
Capability (J)

0%
10 %
20 %

31.92
31.43
28.49

24.03
21.26
20.23

2043
1807
1719
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Energy Absorption for various side ratios
Side Ratio 1:1

40

10% Height reduction
20% Height Reduction

35

Force (kN)

30
25
20
15
10
5
0
0

20

40

60

80

100

Displacement (mm)

Figure 4.3 Force vs. Displacement response of hybrid tubes for different side ratios (ply
orientation +/- 45o)
Energy absorption for various side ratios
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Figure 4.4 Force vs. Displacement response of hybrid tubes for different side ratios (ply
orientation 0/90o)
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4.2.2 Effect of variation in length
In this case the variation in energy absorption was observed by varying the length
of the specimen. Although the cross-section of the specimen was kept square. The crush
length considered for this study was similar to that of the previous study. Initially the test
was carried out on the specimen with initial dimensions as in section 3.3. Later the
dimension of length was reduced first by 20 % and later by 40 %. Again this was done by
keeping the mass constant. The results obtained are as follows.
Energy absorption for various lengths
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Figure 4.5 Force vs. Displacement response of hybrid tubes for different lengths (ply
orientation 0/90o)

Table 4.2
Effect of variation in length on energy absorption
Length Ratio

PMax (kN)

PMean (kN)

Energy absorption
capability (J)

0%
20 %
40 %

38.53
45.73
50.41

25.40
25.67
25.88

2159
2182
2200
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Energy absorption for various lengths
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Figure 4.6 Force vs. Displacement response of hybrid tubes for different lengths (ply
orientation +/- 30o)
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Figure 4.7 Force vs. Displacement response of hybrid tubes for different lengths (ply
orientation +/- 45o)
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4.2.3 Effect of crush speed
The crush speed was also modified to view the variation in energy absorption of
the specimen. The three different crush speeds considered were 8, 15 and 30 miles per
hour respectively. The ply orientation considered in this case was +/- 45o. The results
obtained are as follows.
Energy Absorption for Various Speeds
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Figure 4.8 Force vs. Displacement response of hybrid tubes for different speeds (ply
orientation +/- 45o, length 130 mm)

Table 4.3
Effect of variation in speed on energy absorption
Speed (mph)

PMax (kN)

PMean (kN)

Energy absorption
capability (J)

8
15
30

30.87
35.27
37.55

21.01
22.24
23.14

1786
1891
1967

39

Energy absorption for various speeds
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Figure 4.9 Force vs. Displacement response of hybrid tubes for different speeds (ply
orientation +/- 45o, length 150 mm)
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Figure 4.10 Force vs. Displacement response of hybrid tubes for different speeds (ply
orientation +/- 45o, length 117mm)
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An attempt was made to study the effect of various crush speed on specimen with ply
orientation of 0/90o. The observations made are represented in the graph below.
Energy Absorption for Various Speeds
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Figure 4.11 Force vs. Displacement response of hybrid tubes for different speeds (ply
orientation 0/90o, length 150 mm)
Energy Absorption for Various Speeds
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Figure 4.12 Force vs. Displacement response of hybrid tubes for different speeds (ply
orientation 0/90o, length 130 mm)
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Energy Absorption for Various Speeds
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Figure 4.13 Force vs. Displacement response of hybrid tubes for different speeds (ply
orientation 0/90o, length 117 mm)

4.2.4 Effect of ply orientation
Similarly the ply orientation was changed to study the variation in energy
absorption of the specimen. The three different orientations considered were +/-30o, +/45o, and 0/90o. The test was carried out for both varying the side ratio as well as varying
the lengths. This gave us five graphs. The results obtained are as follows.
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Energy Absorption for Various Ply Orientation
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Figure 4.14 Force vs. Displacement response of hybrid tubes for different ply orientation
(Length 150mm, 0 % reduction in height)
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Figure 4.15 Force vs. Displacement response of hybrid tubes for different ply orientation
(Length 150mm, 10 % reduction in height)
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Energy Absorption for Various Ply Orientation
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Figure 4.16 Force vs. Displacement response of hybrid tubes for different ply orientation
(Length 150mm, 20 % reduction in height)
Energy Absorption for Various Ply Orientation
50

+/- 30 Degrees

45

+/- 45 Degrees
0/90 Degrees

.

40
35

Force (kN)

30
25
20
15
10
5
0
0

20

40
60
Displacement (mm)

80

100

Figure 4.17 Force vs. Displacement response of hybrid tubes for different ply orientation
(Length 130mm)
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Energy Absorption for Various Ply Orientation
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Figure 4.18 Force vs. Displacement response of hybrid tubes for different ply orientation
(Length 117mm)
4.2.5 Effect of impact angle
The impact angle was changed to study the variation in energy absorption of the
specimen. The three different orientations considered were 0, 15o, 30o. The figure 4.19
shows the position or the angle of impact of the rigid body.

B

A

Figure 4.19 Progressive crushing of the hybrid tube under angular impact [A) 15o, B) 30o]
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The graphical results are shown below.
Energy Absorption for Various Impact Angle
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Figure 4.20 Force vs. Displacement response of hybrid tubes for different angle of impact
(Length 150mm)
Energy Absorption for Various Impact Angle
40

Impact angle - 0 Degrees
Impact angle - 15 Degrees

35

Impact angle - 30 Degrees

Force (kN)

30
25
20
15
10
5
0
0

20

40

60

80

100

Displacement (mm)

Figure 4.21 Force vs. Displacement response of hybrid tubes for different angle of impact
(Length 130mm)
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Figure 4.22 Force vs. Displacement response of hybrid tubes for different angle of impact
(Length 117mm)
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CHAPTER 5
CONCLUSIONS
5.1 Conclusion
The data from the graphs with respect to various aspect ratios, crush speed, ply
orientation and angle of impact was obtained. The specimen was tested for various
permutations and combinations of the parameters mentioned above. After analyzing the
data obtained we concluded as follows.
Using triggering mechanism like chamfering the edges, one can achieve
progressive crushing in hybrid tubes
Square tube absorbs more energy as compared to rectangular tubes. From table
4.1 we can say that there was a 12% decrease in the energy absorption for 10%
decrease in the height. And there was 16% decrease in the energy absorption for a
20% reduction in height
It was found out that the length was inversely proportional to the energy
absorption capability of the specimen. That is, shorted the length more the energy
absorption. We found 1% increase in energy absorption for 20% decrease in
length and about 2% increase for 40% decrease in length
It was also found that with increase in crushing speed the energy absorption
capability of the specimen increased. Even the initial crushing force increased.
There was an increase by 6% in energy absorption when the speed was changed
from 8 mph to 15 mph. Further there was increase of 10% when the speed was
changed from 8 mph to 30 mph
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It was realized that 0/90o plies absorb more energy when compared to +/- 30o and
+/- 45o plies in spite of the initial crushing force being higher in this case
The energy absorption capability of the specimen decreased with the increase in
the angle of impact
Depending on these conclusions mentioned one can select the parameters according to
the situation and generate a suitable crashworthy structure. The situations might vary
with the position/ location of use of the structure, the type vehicle it will be used in, shape
and size of the space available, type of impact it is supposed to withstand or what it is
prone to, etc. Thus the various results mentioned in this thesis can help the designer,
design the structure more efficiently.

5.2 Recommendation for Future Work
This research is based on hybrid tubes with only two plies. Further study can be
carried out using more than two plies. One can also try using various combinations of
materials and composites. It is also possible to study the energy absorption capabilities
under various temperatures. Further one can carry out experimental testing and finite
element analysis to study the occupant injury criteria with hybrid tubes used as
crashworthy structures in front rail of any automobile or the sub floor beam of helicopter.
Also in this study the edges of the hybrid tube was considered to be sharp. One
can model the edges with fillets and study the changes in energy absorption. It would also
be interesting to verify results of crashworthy structures subjected to vector loads. The
above mentioned parameters can be tested for hybrid tubes with aluminum on the inside
and composite made from crushed fibers on the outside.
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