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Abstract

This study aims to numerically investigate on the crashworthiness of thin-walled square tubes by consideration
of 3-D oblique loading. In this type of loading, direction of loading is defined by using two spatial angles relative
to the position of the tube. To this aim, finite element (FE) analysis is employed to simulate the loading for 8
different numerical models with different loading orientation. Subsequently, load-displacement diagrams as well
as deformation shapes during the loading are derived for each model. Moreover, a study is done on the tube
collapse mode for each case. Effect of loading orientation and tube thickness on the maximum crushing load and
energy absorption are also studied via a parametric study on the FE simulations. Results indicated a different
trend for all cases of 3D oblique loading compared to axial loading. This study highlights the significance of

consideration of a 3D orientation in analysis of crushing behavior of thin-walled tubes.

Keywords: Energy absorption, Three-dimensional oblique loading, Thin-walled square tube, Quasi-static crushing

behavior, Collapse mode, ABAQUS/Explicit

1. Introduction

Thin-walled square tubes are widely considered as
one of the energy absorbers with low weight and
considerable crashworthiness capabilities.
Crashworthiness of such structures have been
investigated in many studies under axial loading [1-
5]. However, in actual crash events, energy absorber
structures are more likely under oblique loading.

Some researchers have studied crashworthiness
characteristics of thin-walled tubes under oblique
loading in previous works. Han et al. [6] for the first
time studied the crushing behavior of thin-walled
square tubes under oblique loading using LS-DYNA.
They showed through numerical study that there is a
critical load angle at which a transition takes place
from the axial collapse mode to the bending collapse
mode. Reyes et al. [7, 8] experimentally and
numerically investigated the behavior of square
aluminum tubes under quasi-static oblique loading for
three different load angles. The square tubes were
clamped at one end and oblique loading conditions
were realized by applying a force in the upper end,
with different angles, relative to the centerline of the
tube. Yang et al. [9], using nonlinear finite element
analysis through LS-DYNA, investigated the crushing
behavior a class of axisymmetric thin-walled square

tubes with two types of straight and tapered
geometries and two forms of cross-sections (single-
cell and multi-cell) as energy absorber components
under obligue impact loading.

In all of conducted researches, oblique load was
defined by one angular parameter in a 2D coordinate
system. However, in real crash events, loading has a
3D spatial direction. Thus, the load can be considered
as a 3D oblique load.

In this study, a numerical approach is employed to
study 3D oblique loading imposed on a thin walled
structure with square section. The main purpose of
this study is to 1) study on general deformation and
local plastic collapse of the tubes, 2) derivation of
load-displacement diagram. To this aim, FE
simulations using ABAQUS in accordance with
experimental conditions are accomplished. Results
obtained from FE simulations are then used for the
parametric study. Numerical simulations along with
parametric analysis indicated interesting results that
can be used for design of thin-walled energy absorber
structures, with articular usage in automotive
industry.

2. Finite-element modeling
In the present study, FE simulations were done

using commercial software Abaqus/Explicit. Obtained
results have been later used for parametric study. In
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all simulations, 4-node doubly curved thin shell
element (S4R), which is appropriate for large strain
analysis, was used. To model the bending effect, five
integration points were used through the shell
thickness. Mechanical behavior of the constitutive
material was considered according to the results of
tensile test for stainless steel grade 201. The plastic
behavior was also defined based on stress-strain
graph. In the FE analysis, the upper cross-head was
modeled as a rigid plate, and all of its degrees of
freedom except displacement along load direction
were constrained. The models were completely tied to
the rigid plate in the upper end.

In the FE analysis, the upper cross-head was
modeled as a rigid plate, and all of its degrees of
freedom except displacement along load direction
were constrained. The models were completely tied in
to the rigid plate the upper end. To reduce the time
step, the velocity of the upper rigid plate was
considered equal to 0.1 m/s. Moreover, the Amplitude
option and SMOOTH STEP sub option in
ABAQUS/Explicit were used to control the velocity
to ensure a valid quasi-static analysis [10-13]. The

lower plate was configured based on angles of 61 and
02. This plate was also modeled as a rigid plate
during simulations. As observed in Fig. 1, position of
the inclined lower plate is defined by two angles, 61,
the angle of the plate rotation along the vertical axis,
passing through the centroid of cross-head, and 62,
the angle of the plate relative to the horizon. by
rotating the upper circular plate relative to the lower
one, 01 is changed, and by rotating the declined plate
relative to the upper circular plate, 62 is changed.
Numerical simulations for 8 different numerical
models of thin-walled tubes were performed.
Characteristics of the models as well as the loading
conditions for each model is depicted in Table 1,
where C is the thickness, and L is the length of the
tubes.

A comparison between kinetic and internal energy
of the numerical models also showed that due to
quasi-static loading conditions, the amount of kinetic
energy was rather negligible, which represented the
validity of the performed quasi-static conditions.
Friction coefficient of 0.3 was considered for the
contact between the tube and rigid plate.

Upper rigid plate

~> Lower rigid plate

- 01

-

Figl. Definition of 61 and 62 in numerical simulations.
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Table 1. Geometrical and loading properties of numerical test models

TestNo. C (mm) L(mm) Thickness(mm) 0, (deg) 0, (deg)

Al 0 15
A2 0 25
A3 0 30
A4 0 35
AS 50 200 1.6 15 25
Ab 15 30
A7 15 35
A8 30 35
i

0mm 30 mm 60 mm

90 mm 120 mm 150 mm

Fig2. Deformation of the numerical model Al for different cross-head displacements

0mm 30 mm 60 mm

90 mm 120 mm 150 mm
Fig3..Deformation of the numerical model A5 for different cross-head displacements
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0 mm 30 mm 60 mm

90 mm 120 mm 150 mm

Fig4. Deformation of the numerical model A8 for different cross-head displacements

3. Results

Accordingly, Figs. 2 to 4 show the plastic
deformation of models in numerical studies when the
cross-head displacement is 0, 30, 60, 90, 120 and 150
mm. Deformation shape and load-displacement
diagram considering the first peak load (F1),
maximum crushing load (Fmax) as well as energy
absorption (Eabsorp.) are presented Fig. 5, where
parameter C is equal to 50 mm for all models.
Evidently, effect of the oblique loading by changing
01 and 62 is completely visible. It is observed that
these angles can have a dominant effect on the trend
of diagrams in all simulations. Based on Figs. 2 to 4,
the present numerical model is very accurately
capable of capturing plastic folding, as well as
deformation in contact interface between the lower
rigid plate and the tubes.

As presented in Fig. 5, the crush load in all
graphs has an ascending trend after the highest peak.
Notably, these graphs are entirely different from the
conventional load-displacement graph of the crushing
behavior of a thin-walled tube under axial loading.
Under axial loading conditions, as the cross-head
displacement increases, the load reaches a peak value
thereafter it continues by a series of fluctuations with
lower peaks. However, under 3D oblique loading,
there is a subsequent higher peak after the initial one,
for larger 62 such as one in A7 (with 62=35°), the
dominant mode becomes the bending mode, however,

F1. This secondary peak load, which is the highest
amount of applied load, is considered as the
maximum peak crush load in the present paper or
Fmax. Notably, as the angles of the declined plate
approach to 0, the load-displacement trend becomes
more similar to the axial loading condition. Fig. 5
indicates that in initial contact between models and
the declined plate, tube section has not entirely
undergone in contact with the declined plate, and
therefore, the load has been applied fully on the
interface between the tube and the plate. This
condition leads to local collapse of the tube, and the
load that results in the first local collapse is equal to
the first peak crush load (F1). This load depends on
the interface area which changes according to 61 and
02. By increasing the cross-head displacement, when
the whole tube section undergoes in contact with the
declined plate, the remained part of the tube shows
the crushing behavior similar to axial loading
conditions on a relatively flat support. Under this
condition, the load that creates the first folding in the
tube is the maximum peak crush load or Fmax.

Based on investigations in [7], the dominant
collapse mode in oblique loading condition is
expected to be the bending mode. However,
numerical observations of this paper show that the
collapse mode is a combination of bending, torsional
and axial (or progressive buckling) modes. Notably
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in other cases it remains the axial mode. This
contradiction can be attributed to the boundary
conditions of one end of the models which undergoes

the oblique loading. In conducted experiments in
reference [7],].
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Fig5. Comparison of numerical load-displacement diagrams for different numerical test models

Fig6.
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this end is fixed by a supporting frame of steel.
This frame prevent the local collapse of the tubes and
the load is totally applied as bending load, which
results in domination of the bending collapse mode.
While, in the present paper, models are not fixed by
any supporting. In fact, they are directly in contact
with the declined plate, thus the collapse mode starts
locally from the point of contact. This boundary
condition has more agreement to numerical results in
reference [6]; however, there are some differences.
According to reference [6

by increasing the load angle, the dominant mode
changes from the axial collapse to the bending which
has also been indicated in the results of this paper. In
the results of reference [6], this transition takes place
in rather small load angles about 7°, while based on
the present study, it is expected that the axial loading
be the dominant mode even up to 25°. Seemingly, the
important factor that influences on this angle is the
friction between models and declined plate. The
authors of reference [6] have neglected the friction
between the declined plate and the tube; however, the
present results show that due a great pressure between
models and the declined plate, friction effects cannot
be ignored. Obviously, in the absence of frictional
resistance, the models will slide on the surface of the
declined plate, and as a result the dominant mode
becomes the bending mode

4. Parametric study

In the following, to evaluate the effect of 01, 62
and C on the crushing behavior, a parametric study
has been done using the FE model introduced the
previous section. To this aim, 5 cases for C including:
C=50, 55, 60, 65 and 70 mm, and 4 cases for each of
01 and 02 equal to 0, 15°, 30° and 45° were
considered. Based on uniform combinations of these
cases, a total number of 4 X 4 x 5 = 80 cases can be
regarded. However, considering the fact that for
02=0, all variations of 01 are identical, 15 cases from
the all 80 ones are eliminated and eventually 65
different cases will remain. Figs. 6 to 9 represent the
variation of energy absorption and peak crushing load
based on 61 and 62 for different section widths.
These diagrams provide the results of 65 different FE
simulations performed using Abaqus program. For
62=0°, which specifically indicates the axial crushing,
variation of 01 has no influence on the energy
absorption, thus, the corresponding value is calculated

via modeling, and is further repeated four times in the
diagrams.

As shown in Figs. 7 - 10, an increase in 62
considerably reduces the energy absorption as well as
the peak crushing force, which signifies the
importance of 62. This can be attributed to this fact
that by increasing 02, the dominant mode changes
from progressive buckling to the bending mode, and
as a result, absorbed energy and maximum peak crush
load decrease. Also, as seen in Figs. 7-10, 61 has
significant effects on the crushing behavior of the
tubes under 3D oblique loading. For instance, in Fig.
9, for C=50, 55 mm and 62=15°, 01 significantly
changes the energy absorption which is mainly due to
the transition in the collapse mode shape. Of course,
by performing optimization process, one can acquire
more precise results. Some intersections can be seen
in a number of diagrams which can be attributed to
the influence of 61 on the collapse mode shape,
energy absorption and peak crushing load. For
example in Fig. 7 for C=50 mm, energy absorption
has been considerably reduced for 61=45° and 30°
with 62=15°.

It is deduced from the figures, as parameter C
increases, particularly for C > 60mm, roughly lesser
fluctuations in the absorbed energy can be seen by
variations in 01, especially for 01=0°15°.
Furthermore, for higher C, absorbed energy varies
approximately with the same trend based on
variations in 02. As a result, by considering C>65
mm, a more reliable design can be achieved. It can
now seem desirable to find a reliable value for 61 and
02 considering absorbed energy fluctuations.
Evidently, larger 61such as 61=30°, 45° represent
more robust, however, smaller energy absorption.
But, for 61=15° and C>60mm, a good behavior can
be observed considering both of the above-mentioned
criteria. As seen in Fig. 8, the trend for absorbed
energy based on 02 remains almost identical for
different 61 and C, however, a sharp decrease in the
absorbed energy can be seen for 62>30°. So that the
optimum values in terms of energy absorption for 01,
02 and C can be obtained equal to 15°, lower than
30°, and larger than 60mm, respectively.

According to the figures, unlike absorbed energy,
maximum peak crushing load (Fmax) shows very
little fluctuations for different 61 and C. Evidently,
for all calculated 62 except 01=15°, by increasing
parameter C, Fmax experiences an increase. It is also
seen that from 61=0° to 61=15°, Fmax has almost
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decreased by 60%. As a result, 01=15° can be elected  crushing load. As seen in Figs. 9 and 10, the trend of
as an optimum value considering maximum peak variation of Fmax based on 02 for different C is.
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Identical, but for 62 > 15°, Fmax has dramatically
fallen by increasing 62. As a result, by considering
the lowest maximum peak crushing load, optimum
values for 61, 62 and C are 15°, larger than 15° as
well as 50mm, respectively. By taking into account
the optimum values previously obtained regarding
best energy absorption, the best trade-off values for
01, 62 and C can be considered 15°, between 15° and
30°, as well as 60 mm, respectively. These optimum
values can be used for many applications dealing with
design of energy absorbers, particularly for vehicle s-
rails

Conclusions

Based on a more realistic approach towards crash
events, 3D oblique loading, which is a new loading
type in energy absorption studies, was introduced and
its effects on the crushing behavior of thin-walled
square tubes were investigated successfully.
Subsequently, numerical simulations of quasi-static
crushing of square tubes under oblique loading was
carried out using FE method. It was proved that under
3D oblique loading, the crushing behavior is different
from the conventional 2D oblique and axial loadings.
Some important facts connected with the plastic
collapse and deformation modes of thin-walled square
tubes under 3D oblique loading were observed and
discussed in details. Through parametric study, it was
shown that defining angles of the 3D load have major
effects on the load-displacement diagrams of thin-
walled tubes.
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