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Abstract
In the present work simulation of impact response using LS-DYNA explicit
finite dement code is described to investigate the crash behavior and energy
absorption characteristics of square glass fiber reinforced plastic tubes, subjected to
impact load. Filament-wound tubes with two layers [+45°, -45°] were fabricated
and tested. The experimental crushing characteristics data are compared with the
obtained numerical results, showing good agreement. The effect of geometrical
parameters, winding angle and the failure mode on the energy absorption
characteristics are also investigated.

Keywords: Filament-wound tube, Energy absorption, LS-DYNA, Impact,
Winding angle.
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I ntroduction

Demand for greater weight saving
and crashworthiness protection has
only been possible using new design
concepts and employing lightweight
materials. To meet these crucia
factors, structures designed to
withstand an axial compression
started to appear in the form of thin-
walled curved shdls constructed from
new materials such as auminum,
polymers and other  composite
materials  [1]. Fiber-reinforced
polymeric composites have gained
acceptance for use in many industries
including aerospace, automotive,
infrastructure, and recently oil and
gas. FRPs possess superior strength to
weight ratios over  traditional
materials and their processing is well-
suited to many applications [2]. When
introducing new materials, such a
composite, one has to consider an
important design aspect, hamely the
crashworthiness of the material.
Crashworthiness is the capability of a
material in absorbing high impact
energy during collison in a
progressive, controlled and
irreversible manner. Materials with
high crashworthiness value are
desired, for these materials are
capable of reducing the impact force
on passengers and transportation
cargo [3]. Hull [4] classified three
modes of failure for sguare-ended
brittle material tubes. These three
modes were Euler buckling, which
was easily avoided, shdl buckling
and progressive folding, and brittle
fracture. The brittle fracture mode
was then further categorized into
catastrophic failure and progressive
crushing, and progressive crushing

was further categorized into splaying
and fragmentation. Fragmentation
was characterized by crushing and
then breaking off of small pieces both
inside and outside of the tube. Energy
absorption capability of composite
wrapped auminum tubes was
investigated by Shin et al [5] under
axial compressive and bending load.
The effect of ply orientation under
these load condition was examined. It
is concluded that the best energy
absorption is attained in tubes
wrapped with 90° ply orientation.
Mahdi e a. [6] studied
experimentally and numerically the
effect of the structural geometry, fiber
diameter and fiber orientation on the
axial collapse load of unidirectional
cotton / epoxy tubes. Tubes with
different  diameters and  fiber
orientation angles were examined and
tested. The initid  geometric
imperfections are measured using the
computerized  Mistral  coordinate
measuring machine. A limited
agreement  between the experimental
and computational results was
obtained. It was found that the load-
displacement curves of the tubes are
strongly dependent on the geometry
configuration, the amount of energy
absorbed by the tube depends on the
crushing mechanism and a bigger
fiber diameter provides a higher load
resistance as wel as higher energy
absorption. Zeng et a. [7] simulated
the crash behavior and energy
absorption characteristics of 3D
braided composite tube subjected to
axial impact loading, using the
explicit finite dement Code LS
DYNA. The effect of geometrical and
braid parameters on the energy

* Electromechanical Engineering Department, Univer sity of Technology/ Baghdad

PDF created with pdfFactory Pro trial version www.pdffactory.com


http://www.pdffactory.com
http://www.pdffactory.com

. & Tech. Journal, Vol.28, N.14, 2010

Dynamic Failure M ode and I mpact Energy
Absor ption of Filament-Wound Square
Cross- Section Composite Tubes

absorption  characteristics  were
investigated. Mamalis e a. [8]
studied the crushing response and
crashworthiness  characteristics  of
thinrwall square FRP  (fiber
reinforced plastic) tubes that were
impact tested at high compressive
strain rate were compared to the
response of the same tubes in static
axial compressive loading. The
material combination of the tested
specimens was carbon fibers in the
form of reinforcing woven fabric in
epoxy resin, and the tested tubes were
constructed trying three different
laminate stacking sequences and fiber
volume contents on approximately
the same sguare cross section.
Comparison of the static and dynamic
crushing characteristics was made.
The influence of the tube geometry
(axial length, aspect ratio and wall
thickness), the laminate material
properties such as the fiber volume
content and stacking sequence and the
compressive strain  rate on the
compressive response, the collapse
maodes, the size of the peak load and
the energy absorbing capability of the
thinnwall tubes was extensivey
analyzed. . Al-Badrany [9] presented
an experimental study for axial
loading of AISI 5053 Aluminum
dloy tubes, quasi-statically and
dynamically at room temperature
conditions. Tow types of specimens
were used, circular and square cross-
sections tubes with equal cross-
sectional areas. Empirical models was
proposed and compared with the
well- known modds. It was found
that the circular cross-sections
specimens  absorbed the impact
energy grater than the sguare cross-
sectioned specimens, and the energy

mainly depends on the configuration
of the cross sections and the manners
of deformation. Mamalis et al. [10]
investigated the compressive
properties and crushing response of
square carbon FRP (fiber reinforced
plastic) tubes subjected to static axial
compression and impact testing by
means of numerical simulation using
the LSDYNA3D explicit finite
dement code. A series of modds
was created to simulate some of the
static and dynamic tests using CFRP
tubes featured by the same material
combination (woven fabric in
thermosetting epoxy resin) and
external cross-section dimensions, but
different length, wall thickness,
laminate stacking sequence and fiber
volume content. Simulation works
focused on modeling the three modes
of collapse (progressive end-crushing
with tube wall laminate splaying,
local tube-wall buckling and mid-
length unstable crushing) observed in
the series of static and dynamic
compression tests. El-Hage, Mallick
and Zamani [11] investigated
numerically using LS-DYNA,
explicit non-linear finite eement
software, the quasi-static axial crush
performance of aluminum-composite
hybrid tubes containing a filament-
wound E-glass fiber-reinforced epoxy
over-wrap around sguare aluminum
tubes. The fiber orientation angle in
the over-wrap was varied between
[+30°] and [90°] with respect to the
tubes axis. The quasi-static axial
crush resistance of the hybrid tubes is
compared in terms of the maximum
load, mean crush load, crush energy
and specific energy absorption. The
deformation modes of these tubes are
also described. An empirical equation
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is proposed for predicting the mean
crush force of hybrid tubes. Han et al.
[12] carried out a numerica
investigation to evaluate the response
and energy absorbing capacity of
hybrid composite tubes made of
unidirectional pultruded tube over
wrapped with +45° braided fiber
reinforced plastic (FRP). The
numerical simulation characterized
the crushing behaviors of these tubes
subject to  both  quasi-static
compression and axial dynamic
impact loadings. Two types of
braided FRP, glass and carbon fibers,
were considered. Parametric studies
were also conducted to examine the
influence of the tube’s length,
thickness and type of braid, as well as
the loading conditions on the crushing
behavior of the tubes. It was found
that braiding over wraps could be
used to effectivdy enhance the
crushing characteristic and energy
absorbing capability of the tubes.

In the present work, the explicit
finite dement code LS-DYNA is used
to simulate the impact test of a
filament-wound sguare cross section
tube, Comparison of the computed
compressive  response  to  the
experimental work is made. Then a
parametric study is conducted to
study the effect of inner hole, fiber
angle orientation, number of layers
(tube thickness) and degree of
orthotropy (E/ E; ), on the absorbed
energy and  Specific  Energy
Absorption of the tube.

Experimental work

The material of the specimens
consists of fiber glass roving and
polyester resin. The specimens were
fabricated by mechanical  wet
filament winding method using the

designed winder seen in Figure (1)
which is described in details in
reference [13]. The specimens are
tubes with square cross section, the
inner hole length is (36.3) mm, the
thickness is (1.2) mm (two layers
[+45°, -45°]) and the length is (100)
mm. Specimens preparation was
made carefully in order to insure flat
smoothed- end surfaces, parald to
each other and at right angles to the
length of the specimens so as to
prevent localized end failures. Figure
(2) shows a photograph of the
specimen. The mechanical properties
of the specimen material were
obtained experimentally using Instron
universal testing machine at the
laboratories of  Production and
Metallurgy Engineering Department /
University of Technology, are given
intable (1).

Impact tests are carried out by
means of the designed Drop Weight
Tower device, seen in Figure (3)
which is described in details in
reference [13]. The specimens are
placed on the base of the drop weight
impact tester at the target area, and
impacted by (5 kg) impact weight at
an impact veocity of (3.836)ms,
corresponding to drop height of
(0.75) m.

Determination of Fiber Volume
Fraction (V¢)

The rdative quantity of the
various constituents in a composite is
known as the volume fraction and is
normally expressed as the ratio of
volume of reinforcement and the total
volume of the composite.

Since the experimental procedure
for determining the fiber volume
fraction is destructive, an analytical
procedure is preferred. In determining
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the fiber volume fraction analytically,
the fiber arrangement in the lamina
and the form of the fiber
reinforcement in the lamina must be
known.

The length of the fiber needed for
one winding is limited and scaled,
each layer consists of (21) windings.
Two layers of windings are used in
construction of each pipe, every layer
needs (300) cm length of fiber, the
weight of fibers was (15.6) gm. The
tubes were weighted and the volume
fraction of fibers can be calculated
using the formula, [14]

p -1
e r x 1 dJ
Vi =dr -1y
é 'm ey A
..(D)
where
Wg _
y = and V]c . fiber volume
(o
fraction
rg:m: fiberglass and matrix
density.
y . theweight percent of glassin

decimal form, which is the ratio of
(Wg) weight of fiberglass to the

(W) weight of composite tube.

Volume fraction for the tube
estimated by calculation is 47%.
Determination of Specific Energy
Absorption (SEA)

The most important parameter that
was determined from each crush test
was the specific energy absorption
(SEA), Energy is the product of the
force and distance moved at that force
leve. The total impact energy
imparted to a specimen is:
E=Mg(h+DL) .. (2

Where (h) is the rdative distance
between the bottom surface of the
impact weight and upper cross section
surface of the tube, and (DL) is the
specimen shortening. (DL ) is small
compared to (h) and is negligible
[15].

Themean impact load is

_E
(Pm) = - - (3

The Specific Energy Absorption was
calculated as the mean crush load
divided by the mass per unit length of
the specimen [16];
2Ll 0 (@
e M g
Where (M ) is the mass and (L) is
the length of the tube before crushing.

SEA= PRy,

Finite Element Models Description
The finite dement simulation is

performed in the usual three typical
steps using the basic components of
the LS-DYNA code, the first one
being the building of the modd by
means of the internal pre-processor
(finite dement mode  building
(FEMB)), the second step being the
nonlinear dynamic analysis and the
final one being the post processor of
the analysis result using the POST-
GL processor of the LS-DYNA for
the interpretation and visualization of
the computed data.
LS-DYNA Code

LS-DYNA is a code that was
developed by the Lawrence
Liveemore  National ~ Laboratory
especially for impact and nonlinear
dynamic simulation work.

LS-DYNA is an explicit finite
dement code, which wuses a
Lagrangian formulation. The
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equations of motion are integrated in
time explicitly using central
differences. The method requires very
small time steps for a stable solution,
thus is particularly suitable for impact
and crush simulation, and the
governing equations do not require
global stiffness matrix assembly or
inversion [17].

Finite Element Discretization

The specimen geometry with the
necessary dimensions and the mesh
scheme for the specimen are shown
in Figure (4). The dement type is
Belytshko-Tsay quadrilateral shell
element. According to the Beytshko
tsay the given thickness is assigned to
both side of the eement, on this basis
the tube is modeled to the dimension
of (37.5x37.5) mm, and the wall
thickness of (1.2) mm was given at
each node for (4) nodded shdl
dements. The different layers in
composite tube are modded by
defining integration point to each
layer. The integration points are
located evenly through the thickness.
The number and locations of the
integration point were defined on the
SECTION-SHELL and
INTEGRATION cards in LS-DYNA.
The modd of the tube was comprised
of total of 2080 eements connected
with 2174 nodes.

The impactor was modeled by a
planar rigid wall with a mass of (5)
kg which is an invisible entity in LS
DYNA. The base a which the
specimen was placed during the
impact test was modded by a
stationary rigid wall. The rigid walls
were defined on the RIGIDWALL-
PLANAR cardsin LS-DYNA.

Material M odel

Assignment of material properties is
accomplished via sdection of an
appropriate material modd. LS-DYNA
has approximatdy 100 material
models available for use in its data
base and the ability to create user-
defined material  models is aso
provided. The material model used for
modeling of the composite tubes wall
was MAT-ENHANCED-
COMPOSITE-DAMAGE (MAT 54)
as one of most efficient LS-DYNA
material modds for composites. This
material maode represent an
orthotropic  material that behave
linearly when undamaged but also
alows for nonlinearity  through
damage parameters as defined by
(Chang and Chang) or (Tsai and Wu).
The micro failure modes commonly
observed in composite laminates are
fiber breakage, fiber micro buckling
and matrix crushing, transverse matrix
cracking, transverse matrix crushing,
debonding at the fiber-matrix interface
and delamination. The first four failure
maodes can be treated using thin shdll
theory, since they depend on in-plane
stresses. The debonding failure mode
needs three dimensional representation
of the congtitutive equation and
kinematics, and cannot be treated in
thin shell theory. The MAT 54 cards
are valid only for thin shell dement.
Laminated shel theory has to be
activated in CONTROL- SHELL card,
in order to modd the transverse shear
deformation lamination theory was
applied to correct for the assumption
of a uniform constant shear strain
through the thickness of the shdl [18].

The material modd (54) has the
option of using either the Tsai-Wu
failure criterion or the Chang-Chang

PDF created with pdfFactory Pro trial version www.pdffactory.com


http://www.pdffactory.com
http://www.pdffactory.com

. & Tech. Journal, Vol.28, N.14, 2010

Dynamic Failure M ode and I mpact Energy
Absor ption of Filament-Wound Square
Cross- Section Composite Tubes

failure criterion for lamina failure.
The Tsai-Wu failure criterion does
not specifically consider the failure
modes observed in the composite
materials. Chang-Chang failure is
separately considered the tensile fiber
mode, compressive fiber  mode,
tensile matrix mode and compressive
matrix mode.

Chang and Chang modified the
Hashin equation to include the non-
linear shear stress — strain behavior of
a composite lamina. They also
defined the post — failure degradation
rue so that the behavior of the
laminate can be analyzed after each
successive lamina fails.

According to chang and chang
criterion, failure of ply subject to
tensile fiber loading is assumed
whenever the following condition is
true[18]:

%esaa z +B§etab 21,
X g S g
Where o4 : Stress in longitudinal
principle material axis.

T :IN-plane shear stress.

At . longitudinal tensile
strength.

S : shear strength.

B :weight factor for the ratio

a0
§ /s 5

For p=1.0 this condition is
identical to Hashin failure criteria for
the fiber tensile loading, while for
=0 condition (5) corresponds to
maximum stress failure criterion.
When failure occurs, the material
constants E, (modulus of dagticity in
the longitudinal principal material

axis), E, (modulus of dasticity in the
transverse principal material axis),
Gy (in-plane shear modulus), va
(major Poisson’s ratio), Yea (Minor
Poisson’s ratio), are set to zero in the
corresponding layer of the composite
shell dement. In case of compressive
fiber modes failure in a ply is
assumed whenever the compressive
stress (o) reaches the levd or
exceeds the compressive strength ()
[18].

2
& Saa 2.9 .. (6)
X o

Similar to the previous case, when
failure occurs, material constants E,
,Gxp and yp, are set to zero in the
corresponding layer of the composite
shdl. Finaly regarding the matrix
failure, Tsai and Wu failure criterion
is adopted for both tensile and
compressive matrix modes, i.e. failure
is assumed in a ply whenever:

2 2

Sbb 4@ty 04 (- ¥Sbh >9
XY e s g ot
RERET (7
Where oy, :Stress in  transverse

principle material axis.

Y. :transversetensile strength.

Y. :transverse compressive
strength.
Same as before, constants E,, Gy, , Yoa
, and vy, are set to zero in the ply of
laminate when matrix failure occurs.

A point of particular importance

related to material modd (54) is the
nonlinear stress-strain relation ship
adopted for the shear behavior of the
modeled composite materials. This
consideration uses the following
cubic relation:
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t
Depm— B oy .. (8)
Cab
Where gab: shear strainin a-b plane.
A non-linear shear stress parameter.

Simulation of Contact between
Interacting Parts

The contact interface types
between the interacting parts of the
moded are very important. Specifying
contact between the parts of the
mode ensures that the finite dement
code prevents penetration between
the geometric boundaries of the parts
during  their movement and
progressive deformation.

A total of four different types of
contact interface were used in the
modding of the impact of the
Specimens:-

. The “rigid wall_ Planar” type was
used for the contact between the
specimen and the stationary rigid
platen (base) of the drop weight tester
in order to prevent penetration of the
boundary of the tester base by the
tube specimen’s nodes.

2. Thetrigid wall planar
moving _forces” contact type was
used to describe the contact between
the tube specimen and the drop
weight. A moving rigid wall with a
finite mass equal to (5) Kg and an
impact velocity equal to (3.836) m/s,
represent the impact mass.

From the simulation results related
to this rigid wall interface plus the
data history for the movement of a
mass less node that was specifically
assigned to this rigid wall, it was
possible to retrieve the required data
for generating the load-displacement

curve corresponding to the impact
tests.

3. The“automatic_sigle surface” type

was used to prevent penetration of the
deformed tube boundary by tubes
own nodes.

4. The“eroding_single surface’ type

was used for the same reason as the
previous interface type, but aso
because the boundary surface of tube
was eroded during the compression
due to dement deletion at the various
stages of the tube collapse.
Results and discussion

In following sections, the output
of the numerical simulation related to
the  response  and crushing
characteristics of the axialy
compressed tubes is evaluated and
compared visually and numerically to
the experimental results for the
validation of the finite dement
model.
Visual Comparison of Specimen
Folding Pattern

Visual comparison between the
folding pattern of the deformed tube
specimen of impact test and
corresponding image generated by
LS-DYNA post processor proves that
the finite dement  simulation
approached the features of the
collapse mode of the specimen to a
satisfactory degree.  This is evident
when comparing the photograph in
Figure (5) to the post-processor
image.
Comparison In Terms of Main
Crushing Characteristics

To ensure the finite dement modd
was sufficiently accurate it was
validated using the experimental
results. The tube response obtained
by the finite dement modd was
compared with that of experimental
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response for a range of crash
parameters reported in Table (2).
Parametric Study of Composite
Tubes

The following are some of the
parameters which were considered for
studying the behavior of the
composite tubes.

Effect of winding angle (0)

Figure (6) shows the variation in the
absorbed energy with increasing
winding angle (0), for a tube with
inner  length (36.3) mm, tube
thickness (1.2) mm, two layers [+0, -
0], impacted by (5) kg at an impact
velocity (3.836) m/s.

The absorbed energy is decreased
by increasing the winding angle until
0 = 45° and then increased for till
higher angles. Figure (7) shows the
variation of SEA with increasing
winding angle 6. It can be seen that
the SEA increased with the winding
angle. The SEA vaue of the
composite tube with winding angle
60° is higher (40.746%) than that with
winding angle 20°.

Thornton [19] found that for square
cross section tubes of the same
thickness, the lay-up sequence, the
proportion of 0° layers and the type of
trigger can affect the value of SEA.
The SEA increased by increasing the
proportion of 0° layers for tulip
trigger, and decreased by increasing
the proportion of 90° layers.

The variation of absorbed energy
with winding angle may be attributed
to the variation of the stiffness with
fiber orientation, as the fiber
orientation angle decreased the
stiffness increased. The lower SEA
has been rdated to  stress
concentrations at the corners, which
contributes to the formation of

splitting cracks and leads to unstable
collapse. After the angle 45° the
increasing in SEA is due to
progressive folding failure mode.

Effect of inner hole length (w;)

Figure (8) shows the variation in
the absorbed energy with increasing
inner length w; from (26.3) mm to
(46.3) mm for a tube thickness (1.2)
mm, with two layers [+45°, — 45°]
impacted by (5) kg at an impact
velocity (3.836) nvs. From Figure (8),
it can be seen that the absorbed
energy is decreased with increasing
inner length (w;). Figure (9) shows
the variation of SEA with increasing
inner length (w;). When the inner
length increases the SEA decrease.
The SEA of the composite tube with
inner length (26.3) mm is higher
(22.352) % than that with inner length
(46.3) mm. The reason for
decreasing SEA with increasing the
inner length (w;) is the variation in
the falure mode. When the inner
length of the tube is small, the tube
failed by mixed mode (progressive
folding and global buckling), which is
the higher absorbed energy with small
crushing distance, and higher SEA
than the global fracture mode. When
the inner length of the tube increases,
the tube fails by global fracture mode,
which is the lower absorbed energy
with large crushing distance and
lower SEA.
Effect of tube thickness

Figure (10) shows the effect of
increasing the tube thickness on the
absorbed energy. The inner length
(w;) is fixed at (36.3) mm, the impact
mass is (20) kg while the thickness
(number of layers) is gradualy
increased from (1.8 to 4.2) mm (3 to
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7) layers, in the form of [+45°, — 45°,
+45°, —...]. This figure shows that the
absorbed energy is decreased when
the tube thickness is increased. When
the tube thickness is small the
crushing distance is large then the
absorbed energy is large, as the tube
thickness increased, the crushing
distance decreased and the absorbed
energy issmall.

The variation of SEA with the tube
thickness (t) has shown in Figure
(11), when the tube thickness
increases the SEA increases. The
SEA of the composite tube (4.2) mm
thickness is higher (71.977) % than
that with (1.8) mm thickness.

A similar crushing behavior was
reported by Mc Gregor and €. al. [20]
for carbon-fiber/Hetron 922 tubes, it
was found that the absorbed energy
for single ply tubes is more than four
ply tubes, but SEA is increased as the
number of plies increased.

The behavior of the composite tubes
may be attributed to the stress
concentrations at the corners which
contributes to the formation of local
buckles as tube wall folded, leading
to cracking of the tube wall and large
crushing distance then less SEA.
When the tube thickness increased the
failure mode will become unstable
mid-length collapse, which is featured
by brittle fracture and irregular
collapse of the tube that is typically
initiated at the middle of the
compressed tube with circumferential
fracture of the composite tube walls.
The crushing distance is small, and
then SEA islarge.

Effect of degree of orthotropic

Figure (12) shows the variation in
the absorbed energy with increasing
(Ea / Ep) from 1 to 3 for a tube

thickness (1.2) mm, inner length

w;=36.3mm, with two layers [+45°,

—45°] impacted by (5) kg at an impact

velocity (3.836) m/s.

From Figure (12), it can be seen
that the absorbed energy is increased
with increasing (E,/ E,). Figure (13)
shows the variation of SEA with
increasing (E. / Ey). It can be seen
that the SEA increased with
increasing (E,/ E,). The SEA of the
composite tube with (E, / Ep =3) is
higher (30.325) % than that with (E, /
Eb =1)

The reason for increasing of the

absorbed energy and SEA with

increasing (E, / Ey), is the effect of

(Es) upon the section rigidity and its

ability to resist flexure, aso the

increasing of axial compressive
strength  which lead to stable
progressive folding failure.

Conclusions

1- LSDYNA program anaysis is
able to reproduce satisfactory
failure modes that were observed
in the experimental works.

2- Rdiable modding of composite
tubes crushing response under
impact load requires the use of
composite material moddls, such
as the enhanced composite
damage material modd (54) used
in this work, in order to
adequatdy mode the complex
response of a layered fiber
reinforced plastic, considering a
number of material parameters
related to dastic properties and
strength.

3- LSDYNA smulation results
pertaining to the main crushing
characteristics, such as crushing
distance and crash energy
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absorption are very close to the
experimental results.

4- The specimen geometry and
deformation mode played a magjor
role in determining the energy
absorption characteristics.

5 The SEA increased with
increasing winding angle.

6- Increasing the inner hole of the
tube (inner length) decreases the
SEA.

7- Increasing the tube thickness
(number of layers), increases the
SEA.

8 Increasing the degree of
orthotropic (E, / Ep) increases the
SEA.
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Figure (1) Thewinding machine  Figure (2) photograph of the specimen

W

W;=36.3mm
W,=38.7mm
L=100 mm

Figure (3) TheDrop Weight Impact  Figure (4) Discretization of specimen
Tester
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Figure (5) Comparison between experimental and theoretical collapse Mode
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