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a b s t r a c t

Thin-walled members are commonly used as energy absorbers in engineering structures and often con-
tain cutouts. This study performed numerical simulations of high strength steel cylindrical shells with
elliptical cutouts subjected to dynamic axial impact. The LS-DYNA code was the primary analytical tool
used to analyze the influence of cutout locations, cutout shapes and symmetry of cutout on the energy
absorption capabilities and the crush characteristics of tubes with a cutout. For high strength steel tubes
made from a rate sensitive material, the stress–strain curves of different strain rates were used to eluci-
date the effect of dynamic impact on the strain rate. Our results show that collapse crushing behavior is
strongly influenced by the location and symmetry of cutouts and the variation of major axis influences
the peak crush load.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Thin-walled circular cylindrical shells are an excellent mecha-
nism for energy absorption and have been widely used in engineer-
ing structures such as automobiles, aircraft, military facilities,
bridge structures and other applications because of high load car-
rying capacity and low structural weight. These components in ser-
vice are commonly subjected to axial compressive loading. It is
well known that, the energy absorbing ability of structures
depends on various crushing failure mode. The deformation mode
and energy absorption efficiency of thin-walled tubes are strongly
correlated with each other. Previous studies developed models for
analyzing the axial bucking property of thin-walled members
based on plastic hinge theory, experimentation or numerical sim-
ulation [1–8]. In the past investigations of cylindrical shell under
various kinds of external loading conditions, the work in [1] have
observed axi-symmetrical fold pattern of a circular tube under
quasi-static loading during an experiment. He proposed the con-
cept of the static plastic hinge theoretical model and deduced a
simple expression for the mean crushing force. For improving this
solution, conducted in [2] considered both axi-symmetrical and
non-symmetrical modes and developed concepts regarding crush-
ing forces, respectively. They also carried out experiments on circu-
lar and square steel tubes and compared the results with
theoretical predictions. Adopted in [3] is the LS-DYNA to perform
a numerical simulation investigates the behavior of hat-shaped

cross-sections of various materials under axial crushing. Analyzed
is also the effect of the hat-height and initial imperfections on col-
lapse behavior and compared their results with experimental data.

Factors that influence the deformation mode and the crushing of
high strength steel extrusions include material properties, struc-
ture geometry, discontinuities and loading conditions. Though
previous research on the crushing behavior of thin-walled tubes
made of materials with and without strain hardening and strain
rate effects has been reported, studies utilizing tubes containing a
cutout are limited. In addition, these shell structures often contain
complex stiffeners and cutouts, as a result of practical needs; these
geometric discontinuities can cause a stress concentration response
near the cutout and subsequently influence the deformation mode
of the structure. As a result, the discontinuous problem of thin-
walled tubes has attracted the attention of several researchers in
recent years. Many studies have been conducted which show that
a cutout in a shell structure can have a significant effect on the
response of the shell [9–12]. Conducted in [9] found that by intro-
ducing crush initiators into structural members, a splitting and cut-
ting deformation mode was generated rather than a globing
bending deformation which has been observed for specimens with-
out any discontinuities. Presented in [10] was to compare the crush
characteristics and energy absorption capacity of three different
types and major axis lengths of geometrical discontinuities located
at mid-height using numerical simulation modeling. The response
of aluminum and steel tubes containing a square cutout subject
to both quasi-static and dynamic impact loadings have been previ-
ously investigated. From that study, an understanding of the effects
of material properties, strain rate effect, location of cutouts, tube
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length and impact speed on the crushing behavior and energy
absorption capacity was gained.

Due to the higher strength and excellent formability, high-
strength steel is gradually becoming more popular in replacing
conventional steel materials in recent years. Energy absorption
capabilities are important in improving the crashworthiness with-
out increasing structural weight. Previous results have indicated
that a cutout in a shell structure causes a local response to occur
near the cutout when the shell is subjected to load. More informa-
tion is needed regarding the crushing behavior of high-strength
steel sections with cutouts. This study used the nonlinear finite
element code LS-DYNA to establish an efficient and economic anal-
ysis model for predicting the energy absorption characteristics and
dynamic crushing collapse mode of the discontinuous structures.
In addition, the crush characteristics of high strength steel cylin-
ders with different elliptical shape discontinuities is investigation
to understand the optimal configuration of a cutout in a thin-
walled shell. Results of this study provide a valuable reference
for future applications and design.

2. Theoretical background [13]

2.1. Governing equations

When tube is subjected to an impact load, the governing equa-
tions are:

Equation of mass conservation:

qV ¼ q0 ð1Þ

where V represents the relative volume; q denotes the current den-
sity, and q0 denotes the reference density.

Equation of momentum conservation:

rij;j þ qfi ¼ q€ui ð2Þ

where rij represents the Cauchy stress; fi represents the body force
density, and €ui denotes the acceleration.

Equation of energy conservation:

_E ¼ Vsij _eij � ðpþ qÞ _V ð3Þ

where sij and p denote the deviatoric stresses and hydrostatic pres-
sure, respectively, as given in

sij ¼ rij þ ðpþ qÞdij ð4Þ

where q represents the bulk viscosity; dij denotes the Kronecker del-
ta (dij = 1, if i = j; otherwise dij = 0), and _eij denotes the strain rate
tensor.

p ¼ �1
3
rijdij � q ¼ �1

3
rkk � q ð5Þ

Based on the virtual work principle, Eq. (2) can be expressed as
a weak form of equilibrium equationZ

v
ðq€ui � rij;j � qf Þduidv þ

Z
ðrijnj � tiÞduids

þ
Z

rþij � r�ij
� �

njduids ¼ 0 ð6Þ

where dui fulfills all boundary conditions, and the integrations are
over the current geometry. Application of the divergence theorem
givesZ

v
ðrijduiÞ;jdv ¼

Z
rijnjduidsþ

Z
rþij � r�ij
� �

njduids ð7Þ

and noting that

ðrijduiÞ;jrij;jdui ¼ rijdui;j ð8Þ

leads to the weak form of the equilibrium equations:

dp ¼
Z

v
q€uiduidv þ

Z
v
rijdui;jdv �

Z
v
qfiduidv �

Z
tiduids ¼ 0 ð9Þ

If the finite element technique is interconnected using a matrix
form, Eq. (9) becomes

Xn

m¼1

Z
vm

qNtNadv þ
Z

vm

Btrdv �
Z

vm

qNtbdv �
Z
@b1

Nttds
� �m

¼ 0

ð10Þ

where N is an interpolation matrix, r is the stress vector, B is the
strain-displacement matrix, a is the nodal acceleration vector, b is
the body force load vector, and t are applied traction loads. The
equation is integrated in time and is applied to evaluate the equa-
tion of state and for a global energy balance

2.2. Adaptive meshing

A rigid mass impact causes severe deformation of the target cyl-
inders. As a result of which the elements in top of the cylinders get
heavily distorted, leading to the negative element volume and con-
sequent error termination of the program. To defeat the problem of
excessive element distortion h-adaptive meshing of LS-DYNA was
used in all cases of cylinders impacted by rigid mass. The method’s
elements are subdivided into smaller elements wherever an error
indicator shows that subdivision of the elements will provide im-
proved accuracy. During an h-adaptive process, parts of the mesh
are selectively refined using linear interpolation during the course
of the solution procedure; this process is called fission [13]. Refine-
ment indicators are used to decide the locations of mesh refine-
ment. One deformation based approach checks for a change in
angles between adjacent elements. The adaptive process is consist-
ing of several levels of fission. When one element is divided into
four elements, this step is referred to as the second refinement.
In subsequent steps, the fissioned elements can again be fissioned
in a third refinement, and these elements can again, in turn, be fis-
sioned in to a fourth (see Fig. 1). The frequency of adaptive mesh-
ing affects the mesh quality. A typical problem of high rate of
deformation requires a more frequent adaptive meshing. In the
present problem adaptive meshing was performed at every five
increments of the analysis.

3. Numerical simulations

3.1. Description of numerical model

The general geometry and FEM model of the shells analyzed in
this study is defined in Fig 2. The dimensions of the extruded tube
for all of the model configurations were L = 200 mm, D = 58 mm,
t = 1.4 mm and the variation of L0 was considered. The distance be-
tween the centers of the cutout to the bottom end of the tube is de-
noted as L0. The tests were conducted at velocity 12.14 m/s with an

Fig. 1. Quadrilateral element fissioned to the fourth level [13].
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impacting mass of 117 kg to assess crushing behavior. Elliptical
holes with different major axis lengths and aspect ratios were se-
lected as the geometrical discontinuities. All circular tubes with
various cutouts and different locations of holes along the lengths
were numbered, as presented in Tables 1 and 2.

The thin-walled sections in this study were made of high
strength steel, a strain rate sensitive material having Young’s mod-
ulus E = 195 GPa, density = 7850 kg/m3 and the value of yield stress
r0 = 495 MPa. In order to gain accurate numerical results, the
stress–strain curves of different strain rates used in the numerical
simulation are presented in Fig. 3 that were obtained from tensile
tests using Hopkinson Split Bar.

Simulation using a whole model was used for analysis because
of uncertainty in the destruction pattern. According to pass inves-
tigation [14,15], to display fully the buckling pattern of the struc-
ture and to make the outcome of the simulation more consistent
with actual overlapping compression, the mesh must be smaller
than half of the stress wavelength or the length of the plastic hinge.

Because the minimum thicknesses of the thin-walled compo-
nents in this investigation were 1.4 mm, an optimal mesh size of
2.0 mm was used to model the cylindrical shells with and without
cutout. Furthermore, in order to model the deformation behavior
of the tubes more perfectly and consistent with the actual situa-
tion, a mesh study was conducted by using the ADAPTIVE com-
mand of LS-DYNA as described in Section 2.2.

All the tubes were modeled using Belytschko–Tsay four-node
shell elements with five integration points through the thickness
and one integration point in the element plane. The element type
has a lumped mass matrix as required by the explicit calculation
scheme and is suitable for the large deformations. The meshed
shell elements were located at the mid-surface of the tube’s wall
and the stiffness-type hourglass control model was adopted to
eliminate the zero-energy modes. The stress–strain curves describe
strain rate effects of the material and were employed accordingly
in the LS-DYNA simulations using the Type 24 MAT_PIECE-
WISE_LINEAR_PLASTICITY constitutive law of material card. The
primary advantage of this material lies in the fact that it can simul-
taneously completely display characteristics of the plastic phase
and an elasto-plastic material with any arbitrary stress versus
strain curve and arbitrary strain rate dependency can be defined.

For simulation of the dynamic axial crushing, the bottom end of
the tube was assumed to be built-in and was constrained in all de-
grees of freedom. The upper end was set free and subject to com-
pression by the rigid loading plate with certain downward initial
velocity of V0. The loading plate is modeled as a rigid wall with a
mass of m0. In order to prevent penetration and sliding between

Fig. 2. Geometries and FEM model of the cylindrical shell and discontinuities under
consideration.

Table 1
Specimen detail and numerical simulation of circular tubes with one or two cutout placed in different locations.

No Geometric description Analytic results

Shape L0 (L) Major axis
(mm)

Minor axis
(mm)

Aspect
ratio

Pmax

(kN)
Pm (peak)

(kN)
Pm

(kN)
Eabsorbed

(kJ)
Deformation
(mm)

Deformation
modeb

C0 NO NO NO 173.78 146.41 77.64 8.57 114.51 MP
C10 0.50 4.0 14.05 0.285 162.41 138.51 35.99 3.511 120a GB
C11 0.625 158.00 137.39 67.25 8.074 120a GB
C12 0.75 157.16 137.44 78.88 8.526 107.17 PD
C13 0.875 158.42 137.69 75.02 8.522 113.44 PD
C14 0.50 153.36 127.12 61.61 7.273 133.3 PD

C40 0.50 7.62 7.62 1 159.42 134.78 40.94 3.694 120a GB
C41 0.625 155.71 133.58 52.60 6.114 120a GB
C42 0.75 155.76 133.9 74.03 8.484 112.41 PD
C43 0.875 155.35 134.76 73.29 8.538 116.98 PD
C44 0.50 149.96 120.39 71.05 8.542 116.81 PD

C90 0.50 16.0 3.62 4.422 144.68 122.00 34.97 3.613 120a GB
C91 0.625 141.47 120.38 31.21 3.443 120a GB
C92 0.75 141.49 120.76 70.31 8.495 120.2 PD
C93 0.875 139.28 122.02 73.62 8.514 117.09 PD
C94 0.50 121.75 95.90 66.99 8.381 117.8 PD

a Resulting in global bending and to clarify the results in comparison, the deformation of 120 mm was only considered.
b MP-mixed progressive folding, GB-global bending, PD-irregular progressive folding and initial folding occurred at around the geometrical discontinuity.
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the rigid loading plate and the upper end of the tube during con-
tact, the interface used the CONTACT_CONSTRAINT_NODES_TO
SURFACE command of LS-DYNA and the friction coefficient be-
tween the contact surfaces were set to 1.0. Furthermore, when
the thin-walled tube experiences overlapping shrinkage, the con-
tact property between the lobes used a self-contact algorithm,
CONTACT-AUTOMATIC-SINGLE-SURFACE with a friction coefficient
of 0.1, preventing the lobes from penetrating each other during the
deformation process.

3.2. Surface area of an elliptic cutout on a cylindrical shell

For practical considerations, a cylindrical shell was intersected
with a small pipe whose cross section is an ellipse with radii a
and b due to connective needs. Therefore, a cylindrical shell with
an elliptic cutout was used (Fig. 4). The geometry of the elliptic
pipe can be described by the equation

y ¼ b

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� z2

a2

r
ð11Þ

This must be satisfied on the boundary of the cutout. Now let us
slice off a small strip (shadow area in Fig. 4) from the curved cutout
surface. The area of this strip can be written as:

dA ¼ 2rhdz ð12Þ

From Fig. 4, the relation between h and y is as follows

sin h ¼ y
r

ð13Þ

Substituting Eq. (11) into Eq. (13) and solving for h, we obtain

h ¼ sin�1 b
r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� z2

a2

r" #
ð14Þ

Substituting Eq. (14) into Eq. (12), we get

dA ¼ 2r sin�1 b
r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� z2

a2

r" #
dz ð15Þ

The total area of the cutout surface, A*, then can be calculated
by integrating Eq. (15). It has the following form:

A� ¼
Z a

�a
2r sin�1 b

r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� z2

a2

r" #
dz ð16Þ

or

A� ¼ 4r
Z a

0
sin�1 b

r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� z2

a2

r" #
dz ð17Þ

This constraint condition can be rewritten as A* = A/a, or

4r
Z a

0
sin�1 b

r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� z2

a2

r" #
dz ¼ 2prL=a ð18Þ

Table 2
Specimen detail and impact test results for different cutout tubes.

No Geometric description Analytic results

Shape L0

(L)
Major axis
(mm)

Minor axis
(mm)

Aspect
ratio

Pmax

(kN)
Pm (peak)

(kN)
Pm

(kN)
Eabsorbed

(kJ)
Deformation
(mm)

Deformation
modea

C12 0.75 4.0 14.05 0.285 157.16 137.18 78.88 8.526 107.17 PD

C22 0.75 5.0 11.37 0.440 157.22 136.37 74.66 8.534 114.67 PD

C32 0.75 7.0 8.20 0.854 156.27 134.63 73.99 8.534 113.72 PD

C42 0.75 7.62 7.62 1 155.76 133.90 74.03 8.484 112.41 PD

C52 0.75 9.0 6.40 1.405 154.29 132.24 73.39 8.538 115.02 PD

C62 0.75 11.0 5.25 2.095 151.57 129.57 73.14 8.526 115.77 PD

C72 0.75 13.0 4.45 2.922 148.43 126.32 73.35 8.523 115.75 PD

C82 0.75 14.0 4.13 3.387 145.43 123.88 72.57 8.495 117.15 PD
C92 0.75 16 3.618 4.422 141.49 120.76 70.31 8.495 120.20 PD

a PD-irregular progressive folding and initial folding occurred at around the geometrical discontinuity.
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Fig. 3. Stress–plastic strain curves at different strain rates.

Fig. 4. Geometry of the elliptic cutout on a cylindrical shell.
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In this study, a was selected as 200 for illustrative purposes.
This constraint reduces the number of independent geometric
parameters from two to one. The constraint equation can be solved
numerically. The explicit relationship between radii a and b for a
typical shell with an elliptic cutout is shown in Fig. 5

4. Results and discussion

Numerical simulations of crushing behavior were carried out
for thin-walled tubes with a cutout of the same size located at dif-
ferent location, the variation of major axis length and symmetry of
cutout subject to dynamic axial impact loading. The modeling re-
sults, shown in Tables 1 and 2 and Figs. 6–14, illustrate the overall
behavior of thin-walled shells with geometrical discontinuities and
the effects of cutouts on the response of energy absorbing capacity.

It could observed from the variations in principle collapse
modes are either global bending or irregular folding caused of
the geometrical discontinuities. For greater clarity, the mean value
of the crushing force is the primary parameter used for compari-
sons. The energy absorption, Ea, of each specimen can be deter-
mined by integrating the force–deformation curve. Furthermore,
the mean crushing force (Pm) calculated by dividing Ea by the axial
crushing deformation. Due to the effects of geometrical discontinu-
ities, fluctuations occurred in the axial mean crushing force follow-
ing the peak force. The mean crushing force in this study was
defined as an average of Pm in different deformations (see Fig. 6).

4.1. The effect of the location of the cutout

A cutout size of 1/200 of the total area of the tube was created at
various locations along the length of the tubes. Four different loca-
tions of L0 (L0 = 0.5, 0.625, 0.75 and 0.875 L) were considered and
the variation of elliptical holes with three different major axis
lengths and aspect ratios were selected as the geometrical discon-
tinuities to be investigated the influence of location in this section.
The major axis of a cutout refers to the longer axis of the disconti-
nuity which is perpendicular to the direction of compression. The
corresponding force–deformation and mean force–deformation
histories of the cylindrical thin-walled shell with a cutout under
impact loading are shown in Figs. 7 and 8 and Table 1, respectively,
with data from a control specimen without a cutout also shown.
When cutout locations were located at 0.625 and 0.5 L, a greater
crushing deformation caused by global bending and as the location
of the cutout approached the load end (0.875 and 0.75 L), the

deformation stops before it reaches a length of 120 mm. Due to
the variance in deformation and to clarify the results by compari-
son, the numerical outcome considered herein end shortening of
up to 120 mm of the thin-walled cylinder tube.

These results show that the cutout location along the shell’s
height had a significant influence on energy absorbing capacity.
For all types of cutout, the results showed slight variations in the
first peak force as the cutout location changed from 0.5 to
0.875 L. After reaching the first peak crush load, the rapid decrease
in crushing force results from the formation of plastic hinge. How-
ever, the overall results of collapse mode were very different. Re-
sults for cutouts located near the loaded end (0.875 and 0.75 L)
approached of the tube without cutout than the others. The col-
lapse behavior was very similar so that the energy absorbing abil-
ity was similar. It reveals that though the two locations of cutout
lead to local buckling around the cutout, but it did not cause glob-
ing bending. Furthermore, after the plastic buckle initiated from
the cutout, the buckle remained stable and underwent progressive
irregular folding, which could be due to uneven distribution of im-
pact force on the geometric discontinuities. However, when the
cutout was located at its mid-height, a transition from progressive
buckling situation to a global bending mode would take place and
the energy absorbing ability will be severely reduced. Considering
the energy absorbing ability of the distal end shown in Fig 8, the
Pmean of 120 mm for C10, C40 and C90 are 35.99, 40.94 and
34.97 kN, which decreased rapidly by 53.6%, 47.3%, and 55.0% in
comparison with a tube without a cutout.

By and large, a comparison of energy absorption performances
for cutout location of 0.625 L indicates that an elliptical discontinu-
ity of aspect ratio 0.285 displayed a more stable deformation pro-
cess. In brief, the stability of the crushing process and the
accompanying energy absorption was observed to be higher for
specimens with a shorter major axis length. We also observed that
a variation in the type of the cutout can significantly influence its
load bearing capacity.

In other words, shorter major axes form a long and narrow hole
which is perpendicular to the direction of compression load, so
that resistance to external forces is efficient. In contrast, when
the cutout is composed of long major axis and short minor axis.
The shape of geometric discontinuities was flat, which resistance
is low. The cutout shape directly affects the load bearing capacity
and further causes different collapse mode. Therefore, from the
above analysis, it is clear that the influence of energy absorbing
capacity and collapse folding depends strongly on the type and
location of the cutout, expect cutout is at mid-height.Fig. 5. Relation between radii a and b for an elliptic cutout on cylindrical shell.

Fig. 6. The description of axial mean crushing force.
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4.2. Influence of aspect ratio

Under progressive buckling, a cutout location at 0.75 L af-
fected the collapse behavior more than a cutout location at

0.875 L. This section was mainly to investigate the effect on en-
ergy absorption capacity of different geometric discontinuities.
The variations of elliptical holes of the same area with different
major axis lengths were selected. Nine different major axis

Fig. 7. Responses force–deformation history and mean force–deformation curves subject to dynamic impacting.
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lengths of the elliptical discontinuities were considered herein to
examine the effect of the collapse mode and the energy absorb-
ing efficiency.

Figs. 9–12 show results from a numerical study of the response
of high strength steel cylindrical shells with various elliptic cutouts
under dynamic impact. In order to observe the variations of the
peak loading of different cutout clearly, Fig. 9 presents the relation-
ship between the mean axial crushing force and the deformation of
30 mm. It can be seen from these curves that the peak value of
Pmean increases, as the major axis length decreases for discontinu-
ities. Fig. 10 shows the mean buckling value decreases almost grad-
ually linearly as a function of the cutout’s type.

Additionally, to clarify the results of the comparative, Fig. 11
plots the force–displacement curves under four major axis com-
pared with a perfect tube. This shows that different types of cut-
outs not only influenced the peak load, but also caused the thin-
walled component to produce more deformation. For instance, a
cutout of major axis length of 4 mm leads to a 6.3% drop in the
peak mean load and results in 8.55%, 11.50% and 17.52% decrease
for the three types cutouts (C42, C62 and C92) than C0, respec-

tively. The last crushing deformations of cutouts with major axis
length of 7.62 and 11 mm are 112.41 and 115.77 mm, they were
close to 114.51 mm of no cutout tube. But as the major axis lengths
are 4 and 16 mm, the deformation was evidence different with oth-
ers. Compare to C0, the last folding deformation of C12 was lower
by about 6.4% and the displacement of C92 reached to 120.2 mm,
which increased almost 4.97%. These results clearly show that
these changes in peak loading and final deformation were strongly
related to the geometric discontinuities, which led to different col-
lapse mode.

Deformation patterns corresponding to selected points during
the compression response are shown in Fig. 12; it reveals that
the kind cutout of C12, the buckling mode was similar to the
symmetric deformation mode resulting in efficient energy absorb-
ing characteristics. In contrast, cutout of specimen C92 like a flat
hole had a great effect on the irregular deformation and reduces
the energy capacity. Otherwise, the peak force also differs from
each other about 9.97%. This phenomenon becomes more signifi-
cant as the major axis lengthens; it will cause a greater crushing
deformation of the thin-walled tube and reduce the energy
absorbing ability.

Fig. 8. Mean force–deformation for specimens of cutout located in 0.5 L and
without discontinuity.

Fig. 9. The relationship between the mean axial crushing force and the deformation
of 30 mm for different type cutout.

Fig. 10. Peak mean force against ratio of a to b from modeled results.

Fig. 11. Comparison in numerical simulation obtained mean force–deformation for
C12, C42, C62, C92 and C0 (specimen without discontinuity).
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4.3. The effect of symmetry of geometrical discontinuities

Referred in Section 4.1, when the cutout is located near the
mid-height of the tube, as a result of stress concentrations re-
sponse near the cutout leads the collapse mode of the structures
to global bending. This folding behavior rapidly decreased the en-
ergy absorbing capacity. It is interesting to investigate the sym-
metry of geometrical discontinuities as a deformation control
method, it can be used to avoid failure resulting from global
bending mode and change a mode that promoted greater energy
absorption.

To understand the influence cutout symmetry on changing
collapse mode of structures, three types of cutouts were selected
to investigate the effectiveness of the symmetry of geometrical
discontinuities and also compared with the results in Section
4.1. The results are shown in Figs. 13 and 14 and Table 1. Buck-
ling behavior of compression-loaded cylindrical shells with geo-
metrical discontinuities placed at opposite walls are shown in
Fig. 13. The performance of global bending mode displayed

highly similar force–deformation relationships of all specimens
and the phenomenon were independent of the aspect ratios.
However, the results also indicated that the use of symmetric
cutouts changed certainly transition from global bending to pro-
gressive folding in the different collapse modes for three types of
cutouts.

This was observed in specimen C94 with major axis length of
16 mm, which deformation in the regular progressive mode is
more pronounced compared to unstable folding of C90. Further-
more, the variations of both types of collapse exhibited the larg-
est peak crush load and peak mean crush loads level of the
specimens were decreased rapidly with the large major axis
length. For instance, Fig. 13(c) shows the differences of speci-
mens C90 and C94, which had a peak mean crushing force
95.9 and 122 kN, respectively. This difference is primarily due
to differences in the symmetry of the cutouts. Thus, it seems
that the specimen which has a symmetrical cutout will be more
efficient than the one which has single cutout when both spec-
imens are subjected to the same set of test conditions. Similarly,

Fig. 12. Force–deformation curves and collapse profiles of the C12 and C92 the from simulations.
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crush force efficiency, defined as the ratio of the mean crush
load to the largest mean crush load. From Fig. 14, we can see

simulations showed that as the major axis length increase, lead
to the peak crush load decrease and appears most desirable

Fig. 13. Responses force–deformation history and mean force–deformation curves subject to dynamic impacting.
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crush force efficiency. As an example, the value of C94 is 0.70,
which has 31.43% and 15.71% larger crush force efficiency than
the specimens of C14 and C44.

5. Conclusions

A systematic numerical investigation was carried out to exam-
ine the influence of high strength cylindrical tubes with elliptical
discontinuities with varying major axis lengths and aspect ratios
were completed. In addition, an investigation was also conducted
to examine the crush performance of the symmetry and location
of cutouts along the length of the shell. The numerical simulations
provided valuable insight into the behavior of the shells, and en-
able us to understand the variations of tubes with cutouts.

Our results show that the location of cutout can significantly
influence the buckling performances and energy absorbing capac-
ity of the thin-walled tubes. The numerical results indicated that
a cutout located at the mid-height of the cylindrical tube led to
the collapse of global bending, whereas when the cutout was lo-
cated near the loaded end, progressive buckling occurred. Speci-
mens bucked in global bending mode displayed highly similar
force–deformation relationships. Another important finding is that
the longer the major axis length of the cutout, the more sensitive it
is to changes in the cutout location.

The presence of a cutout with long axis length can signifi-
cantly reduce the peak buckling force and cause a greater crush-
ing deformation of thin-walled tubes. Additionally, as the major
axis length of cutout rises, the mean buckling value decreases

nearly linearly as a function of elliptical discontinuities. Results
from numerical modeling of thin-walled tubes reveal that the
buckling mode of cutout with short axis length was similar to
the symmetric deformation mode leaded to energy absorbing
efficiency becomes to well. In contrast, a cutout with long major
axis length yielded an irregular folding collapse and decreased
the energy absorbing capacity. Therefore, the length of major axis
effects dominated during collapse deformation mode of the
specimens.

It is worth noting that a transition from global bending
modes to progressive folding modes could occur when the two
cutouts were located at opposite walls. Specimen C94, which
contained an elliptic hole with a major axis length of 16 mm,
had the highest crush force efficiency of 0.70. Due to the result
of analysis, specific cases are presented that suggest that two
cutout located symmetrical in a shell can be tailored to achieve
improved buckling response characteristics. Therefore, if shell
structures contain cutouts are designed to achieve specific de-
sired results, the symmetry of discontinuities is an important
factor to consider.
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