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ABSTRACT

This paper presented a study of the dynamic behavior of mild steel St37 thin-walled columns sub-
jected to high-velocity axial impact. Mild steel St37 was a strain rate sensitive material since its
stress-strain relation depent on the rates of loading. Two groups of thin-walled columns were used
in this study, i.e. one group of material model had strain rates with up to 100 s~! (group 1) and an-
other had strain rates with up to 4500 s~ ! (group 2). The study was conducted by using theoretical
solution and finite element analysis for impact speeds of 20 m/s, 30 m/s, 40 m/s and 50 m/s. The in-
stantaneous and mean crushing forces of the thin-walled columns were predicted and compared
in terms of the effect of strain rates and initial velocity impact conditions. For impact speed less
than 20 m/s, the results shown that there were no significant differences with respect to crushing
forces and energy absorption capability for both materials of (group 1) and (group 2). However,
for impact speed higher than 20 m/s, the structural model of group 2 with strain rates up to 4500
s~! pointed out higher crushing forces, peak force and energy absorption than those in group 1.
Consequently, the impact analysis under high-velocity impact should use high strain rates material
model. Moreover, the comparison between theoretical and numerical studies also shown a good

agreement in terms of mean crushing forces at various high-velocities impact.
Key words: Crush behavior, Crashworthiness, Impact, Thin-walled structures, Strain rate effect

INTRODUCTION

Thin-walled prismatic structures have been used as
energy absorption components for crashworthiness
applications in vehicles with many advantages. These
structural components have to absorb sufficient en-
ergy as well as reduce the impact loading to protect
the passengers in order to avoid excessive decelera-
tion during a crash >, Under low velocity impact, the
thin-walled structures have axial crushing responses
with ignorable influence of loading rate. In fact, many
scholars show the insignificant for the changes of ma-
terial properties caused by effect of strain rates under
low velocity impact conditions*~®. In contrast to low
velocity impact, the structural materials will undergo
higher load and deformation in dynamic plastic buck-
ing progression under high-velocity impact. Due to
an increase in flow stress of strain rate sensitive thin-
walled structures, high-velocity impact will impulse
energy absorbing capability of structures*~*.

According to L. L. Tam and C. R. Calladine '°, the
inertia and strain rate effect were carried out by
evaluating two types of materials: aluminium and

11,12

steel. Abramowicz and Norman Jones , the square

and circular tubes were studied under dynamic ax-
ial crushing. The authors mentioned about material
strain rate effects even when the loading are in quasi-
static case. Thus, they suggested that it was significant
to replace the static yield stress by dynamic yield stress
in analysis for strain rate sensitive materials. How-
ever, the range of impact velocities in their research
were not high, i.e. from 6.35 m/s to 10.38 m/s. Chih-
Cheng Yang et al. ! focused on the dynamic progres-
sive buckling of square tubes. For mild steel, they con-
cluded that the influence of material strain rate sensi-
tivity was retained for dynamic behaviour. Masahiro
HIGUCHI et al. ' presented the dynamic behaviour
of circular tube subjected to high-impact loading. Al-
though a material of aluminium alloy was used in his
study, he suggested that an increase in initial impact
velocity improved the absorbed energy through com-
pressive deformation.

Most of the above studies attempted to understand
the dynamic behaviour of thin-walled structures in-
cluding the effect of strain rates under low velocity. It
is clear that aluminium was an insensitive strain rate
material, thus the influences of strain rate on the en-
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ergy absorption capability was not necessary to ex-
ist in analysis model. The present work is to evaluate
comprehensively the axial crushing behavior of thin-
walled mild steel St37 square columns under high-
velocity impact conditions. The changes of initial ve-
locities brought about the changes in structural ma-
terials which were predicted through theoretical and
numerical studies. This study is carried out by ap-
proaching at impact speeds of 20 m/s, 30 m/s, 40 m/s
and 50 m/s with the strain rates levels up to 100 s~
and 4500 s~ .

THEORETICAL ANALYSIS

Attention in this paper is focusing on dynamic impact
under high-velocity, thus theoretical analysis process
is certainly based on dynamic prediction. In partic-
ularly, this paper would like to investigate the axial
crushing behavior of thin-walled structures in sym-
metric in-extensional mode '>'? because this mode is
typical crushing mode of thin-walled structures un-
der axial impact conditions. Several formulas® for
obtaining the dynamic mean crushing force, mean
plastic flow stress, total energies absorbing, folding
length and crushing length were described by W.

Abramowicz and Norman Jones'! and developed by
T. Wierzbicki and Santosa* et al.
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where: P, is mean crushing force. My is fully plas-
tic moment, G, is dynamic flow stress, oy and o,
are dynamic yield strength and ultimate strength. v
(m/s) is impact velocity. Strain hardening exponent n
is obtained from experimental data, i.e. stress-strain
curves by using curved fitting process and is shown in
Table 1.

Table 1: Strain hardening exponent at various strain
rates

Strain 0.001 0.1 1 10
rate

(s-

1)

n 035 0.3

100 2500 3500 4500

023 0.2 0.18 0.101 0.09 0.081

C and g are Cowper-Symonds coeflicient which are
considered in constitutive equation section. b, t are
the width and thickness of column.

Constitutive equation

The essential Cowper-Symonds equation was widely
used to perform the material behavior at varying dif-

ferent strain rates ' 112,

1

Od _ 4 (E)& )
Oys C

where: C and g are the Cowper-Symonds coeflicients,
€ is strain rate, 0,4, Oy are dynamic yield stress and
static yield stress respectively. According to Cowper
and Symonds (1957), for mild steel, C and g corre-
spond value of 40.4 and 5. However, it is clear that C
and q in Eq. (4) are obtained based on test data and
at each strain rate and those values will change at dif-
ferent reference stresses or various strain rates. In this
work, by applying the captured data from tensile test
as seen in Figure 3, the Cowper-Symonds coeflicients
are modified by using curve fitting process and shown
in Table 2.

Table 2: Cowper-Symonds coefficients for mild steel
St37

Material Strain rate C q
(s-1)
Mild steel 2500 40.92 3.05
St37
3500 39.05 3.1

Material characteristic

In order to assess the effect of strain rate under high-
velocity impact with respect to the crushing resistance
of thin-walled square columns, two groups of mate-
rial models were used in numerical analysis. Under
various high-velocities, the properties of strain rates
sensitive materials will change and affect the energy
absorption capability of thin-walled structures dur-
ing axial crushing. Therefore, to get these properties
for simulations, a series of tensile tests at high strain
rates were conducted by using the same material spec-
imens, i.e. quasi-static tensile test with strain rates 10-
3 s-1 and dynamic tensile test with a range of strain
rates 0.1, 1, 10, 100 s~ !. It was shown in Figure 1 (a)
and (b). For high strain rates of 2500, 3500 and 4500
s~1, the material properties of mild steel St37 were
carried out by using Split Hopkinson Pressure Bar, as
shown in Figure 1 (c).

The measurement processing was introduced in °.
The static properties of material mild steel St37 are
shown in Table 3.

Since under high-velocity impact events, the thin-
walled structures have large plastic deformation or
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Figure 1: Tensile test with strain rate up to: (a) 0.001
s7!, (b) 10057}, (c) 4500 s~!

Table 3: Material properties of mild
steel St37 at static test condition.

Material St37
Young’s modulus, E (MPa)  1.88x10°
Yield stress, 6y, (MPa) 186.94
Poisson’s ratio, v 0.3
Power law exponent, n -
Ultimate stress (MPa) 289.56

large strain, thus the effective plastic stress - effec-
tive plastic strain characteristics are significant input
parameters for simulated process. By conducting se-
ries of tensile tests, the true stress — plastic strain with

strain hardening exponent are figured out in Figure 3.

True stress (GPa)

== Expl0s

0o EXp 1fs

0 0.05 0.1 0.15
True plastic strain (%)

Figure 2: True stress-plastic strain curves at vari-
ousstrain rates

The dynamic effect on axial crushing under
high impact velocity

The performance on the axial crushing behavior of
thin-walled structures subjected to dynamic loads
have been introduced by some authors, such as'!2,
The inertia effect has been seen that a main reason
to influence structure’s response of thin-walled crash
worthiness. According to their publication, due to dy-
namic plastic buckling, the dynamic progressive fold-
ing of crashworthiness structure will occur. More-
over, under different impact velocities, the dynamic
corresponding response of structures are not simi-
larly and these publications also indicated that the ax-
ial crushing responses of thin-walled structures under
dynamic load are better than those in static condition.
Furthermore, for material strain rate sensitivity, the
impact behaviors of these structure are also affected
by strain rate characteristic at high impact velocity.
According to N. Jones'!, when the strain rates in-
crease, the yield and ultimate stress of the material in-
creases due to the yield criteria or plastic flow of their
material is sensitive to strain rate. One of the main
purposes of this paper is to investigate further the ef-
fects of strain rate on crushing strength of thin-walled
columns subjected to high velocity impact loading.

NUMERICAL MODELING AND
SIMULATION

In Figure 3, the square column model is simulated
with meshing and loading arrangement in finite el-
ement method (FEM). The FEM model was studied
using four nodes quadrilateral Belytschko-Tsay shell
elements and the steel material was modeled by us-
ing Mat-Piecewise-Linear-Plasticity type. The strain-
rate dependence was included through the Cowper-
Symonds coefficients C and g. The dynamic tensile
properties at different strain rates were interpolated
to construct the constitutive equation of modified
Cowper-Symonds model. In this case, eight stress-
strain curves in Figure 2 were utilizedin numerical
simulation.

The numerical models were fixed at one end and the
other one is impacted by a rigid wall with a mass of
290 kg at several impact velocities. The square column
parameters b, L and ¢ respectively equal 40 mm, 180
mm and 1.5 mm. A friction coefficient of 0.74 was
used for the contact between square column and rigid
wall to prevent any sliding. To account for the contact
between the lobes during deformation of structures,
an Automatic-Single-surface contact with friction co-
efficient equal to 0.57 was specified. The imperfec-
tion is needed to ensure that the dynamic progressive
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RESULT COMPARISON AND T
DISCUSSIONS ®
Instantaneous crushing force P and mean Figure 4: Crushing response with strain rates up to
. 100 s~ between theoretical analysis and numerical
crushing force P,, simulation
The mean crushing forces are obtained from instanta-
neous crushing fore and it is defined by
Pu= o / Y ps)as — A 5)
% Jo it
where: P is crushing force at crushing length &,, &, is
total deformed length and EA is total energy absorp-
tion.
Under various high-velocity impact and the effect of =200 - - - =30
strain rate, the crushing behavior of the thin-walled 2% v=0(ms)  ——v=50(mbs)
square tubes with respect to the instantaneous crush- § 4
ing force - crushing length and the mean crushing E o / ,\W ) i/
forces - crushing length for strain rate up to 100 s~ » '
0 » 1 & 8 100
and 4500 s~ ! are shown in Figure 4 and Figure 5 re- Crushing length - & (mm)
spectively. - @
As shown in Figure 4 and Figure 5, the instantaneous e m ‘
crushing forces as well as mean crushing forces will :“;;130
increase with increasing load speed from 20 m/s to g :iz ‘ U e S L+ o
50 m/s in both of theoretical and numerical analy- Foo | N i v -4 ¥, A voclo i
ses. Otherwise, the group of material includes strain ?
rates with up to 4500 s~! presents higher instanta- g
neous and mean crushing force than those at lower ) . - o - .
strain rates (up to 100 s~1). That means the struc- Crushing lengthed (1m)
tural materials should be stronger at higher rate of ®
loadings. The comparisons in terms of mean crushing Figure 5: Crushing response with strain rates up to
forces - crushing length between lower strain rate ma- 4500 s~ 'between theoretical analysis and numeri-
terial and high strain rate material are shown in Fig- cal simulation

ure 6. This figure also points out that at less than 20
m/s of impact velocity, the strain rates effect become
insignificantly for crushing response.
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Additionally, the compared results in Figure 4 (b) and
Figure 5 (b) show a good agreement for mean crush-
ing forces- P,, between theoretical and numerical pre-
dictions. The mean crushing forces in numerical sim-
ulation are close to those in analytical prediction. It is
shown in Table 4.

Table 4: Mean crushing force comparison between
numerical and analytical prediction

V(m/s)  Strain rate up to 4500/s
Symmetric mode
Theoretical Numerical — Difference
m (kN) m (kN) (%)

20 52.83 53.1 0.5

30 57.31 57.27 0.35

40 61.16 62.27 1.82

50 64.3 69.2 7.66

Total energy absorption (EA) and specific
energy absorption (SEA)

The efficiency of energy absorbed structures is well
known as a significant design criterion- specific en-
ergy absorption (SEA) in thin-walled crashworthiness
parameters. It can be founded through the total ener-
gies (EA) which are introduced in Eq. (5). Moreover,
during impact events, some parts of the thin-walled
structures still undeform, thus considering the crush-
ing length, SEA is a ratio defined as EA to total de-
formed mass (#4e formeq) Of the structures. They are
shown in Figure 6 and Figure 7.

7

Total energy absorption

Impact velocity x10 (m/s)

Figure 6: Total energy absorption -EA of mild steel
St37 thin-walled columns with strain rate up to100
s land 45005~!

In Figure 6 and Figure 7, both of total energy ab-
sorption and specific energy absorption in 4500 s~ !
model are higher than those in 100 s~! model at im-
pact velocity from 20 m/s to 50 m/s. Otherwise, by

]
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Figure 7: SEA ofmild steel St37 thin-walled columns
with strain rate up to 100 s~ 'and 4500 s~!

observing two that figures, the total and specific en-
ergy absorption values are repeated in two different
strain rate models in impact velocity less than 20 m/s.
This attribution of structures shows that the effects of
strain rate on axial crushing behavior of thin-walled
columns are not significant in velocity less than 20

m/s.

Strain rate versus crushing strength

As shown in section (4.1) and (4.2), it can be seen
that better meet in terms of crushing forces and en-
ergy absorption capability of high strain rate model
compared to low strain rate one. In other words,
higher crushing strength of thin-walled columns was
founded in structural models which had strain rate
value up to 4500 s~! in numerical simulation. Figure

8 and Table 5 compared further this difference.

160

140 ‘Il — 100/s- V10 (mis)
120 .1 = = = 45005- V10 (mw's)
% 100 1\ o 1005-V20 ()
el 1 — - 45005-V20 (ms)
T 0ai\
&
9

Displacement (mm)

Figure 8: Effect of strain rate on thecrushing re-
sponse of thin-walled columns (v=20 m/s)

The results in Table 5 clearly shown strong effects of
strain rate as impact velocity increased from 20 m/s
to 50 m/s. In detail, at 20 m/s impact velocity, the
difference was 19.7% and it increased to 27.8% at 50
m/s impact speed. Indeed, this effect significantly
improved the axial crushing resistance of thin-walled
columns. Figure 9 will indicate the different folding
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Table 5: Crushing strength comparison with in strain
rate effects

v Strainrateup to  Strainrateup to  Differ-

(m/s) 100/s 4500/s ence
m (kN) m (kN) (%)

20 44.38 53.10 19.7

30 46.46 57.27 23.3

40 50.20 62.27 24.0

50 54.14 69.20 27.8

phenomenon when structure undergoes impact load
including strain rate effects at the similar position.

Fold and
fast flatten

Fold  and

slowly flatten

Figure 9: Crushing deformation at v =30 m/s and t

= 3.8second with strain rate (i) 100 s~ ! and (ii) 4500
~1

s

CONCLUSIONS

In this paper, the axial crushing behavior of thin-
walled square columns under high impact velocity
was investigated through analytical and numerical
analysis within the influences of strain rates of ma-
terials. The compared results between two groups of
materials with strain rates up to 100 s~! and 4500
s~ ! in terms of crushing forces and energy absorption
capability shown that at high strain rates, the thin-
walled columns had higher peak forces, mean crush-
ing forces and total energy as well as specific energy
absorption than lower strain rates material. The re-
sults in theoretical and numerical studies suggested
that: for impact velocity less than 20 m/s, the effect
of strain rate was not significant but for higher 20
m/s of impact velocity, strain rates influence was very
important respect to define the crushing behavior of
thin-walled columns structure. Additionally, a good

agreement was obtained in terms of mean crushing
forces between theoretical and numerical analysis on

the condition that material covered strain rates up to
4500 s~! for velocity higher than 20 m/s, as shown in
Table 4. For those conditions, the associated Cowper-
Symonds coeflicients C and q needed to be redefined
to deliver more precise results. In other words, it
should be use high strain rate for high-velocity impact
events.
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