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Abstract

The objective of this study is to establish the
simulation technology for impact response behaviors
of rectangular CFRP tubes under full-lap collision.
We adopted drop weight impact tests to investigate
impact response behaviors and impact energy
absorption characteristics of the rectangular CFRP
tubes. The impact test was carried out by dropping
the impactor from height of 12 m. Impact speed was
approximately 55 km/h just before the impact. The
weight of the impactor was 105 kg. It was observed
that the five specimens show the same tendency of
the impact response behaviors in the impact test. A
finite element (FE) model was also developed by
using a nonlinear, explicit dynamic code LS-DYNA
to simulate the progressive failure behavior and to
calculate the absorbed energy of the rectangular
CFRP tubes under impact load. The comparison of
experimental results with that of FEM for the load-
displacement curves was favorable. The maximum
load, absorbed energy and final displacement
calculated by FEM model were in good agreement
with the average values of the impact test results.

1 Introduction

It is well known that CO, emissions, which are
one of the greenhouse gases emitted from passenger
vehicles such as automobile and aircraft, are major
cause of global warming. In the automotive industry,
to reduce CO, emissions, we have found that the
most effective method is to make the most fuel
efficient automobile. To increase the fuel efficiency
of the automobile, the most effective approach is to
reduce the automobile weight using lightweight
materials such as fiber reinforced composite
materials.

As Carbon fiber reinforced plastics (CFRPs)
possess the merits of fabrication convenience,
crushing stability and high energy absorption
performance, they have been widely used in
acrospace and passenger vehicles. With an
increasing interest in the lightening of the
automobile and the safety to the passenger, many
researches have been performed. Many experimental
researches have been reported that the main factors
affecting the energy absorption performance of fiber
reinforced plastic (FRP) tubes such as circular and
square tubes are mechanical properties, fabrication
conditions, tube shapes (including crush initiators)
and testing speeds (i.e. static and impact loading) [1-
10]. Also, a few finite element analyses to simulate the
progressive failure behaviors and absorbed energy of
the FRP tubes have been performed [10-12].

In this study, we develop rectangular CFRP
tubes with two ribs in order to design impact energy
absorption members under full-lap collision. A drop
weight impact test is carried out to investigate the
impact response behavior and the impact energy
absorption characteristic of the rectangular CFRP
tube. A finite element (FE) model is also developed
by using a nonlinear, explicit dynamic code LS-
DYNA [13] to simulate the progressive failure
behavior and the absorbed energy of the rectangular
CFRP tube with ribs under impact loading.

2 Experiment

2.1 Specimen Fabrication

The rectangular CFRP tubes with a rib were
manufactured from unidirectional prepregs (P3052s-
20, Toray Industries, Inc.) by using the sheet
winding method. Configuration of the rectangular
CFRP tube is shown in Fig. 1. Stacking sequences of
the main and rib parts in the rectangular CFRP tubes
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were [(0/90)¢/0]s and [0], respectively. An initial
imperfection with an external bevel type was
introduced in order to get a stable progressive failure
behavior.

Longitudinal direction

115 mm:

Fig. 1. Configuration of the rectangular CFRP tube
with two ribs

2.2 Impact Tests

We adopted drop weight impact tests to
investigate impact response behaviors and impact
energy absorption characteristics of the rectangular
CFRP tubes as shown in Fig. 2. The impact tests
were carried out by dropping the impactor from
height of 12 m. The weight of the impactor was 105
kg. Also, the impactor speed was approximately 55
km/h just before the impact. The impact load was
measured from a load cell under the specimen which
was mounted by metallic base (see Fig. 2(b)). In
order to investigate the progressive failure
mechanism of the rectangular CFRP tubes, a high
speed camera was employed.

(a) impactor
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(b) mounted specimen

Fig. 2. Tower drop impact test setup

3 FEM Analysis

3.1 Details of FEM Model

In our previous study [14], to simulate the
progressive failure behaviors and absorbed energy of
the rectangular CFRP tubes with a rib under impact
loading, a finite element (FE) model was developed
by using the nonlinear, explicit dynamic code LS-
DYNA. In our previous FEM model (designated as
Model 1), the rectangular CFRP tube with a rib was
modeled by 24 and 44 layers, respectively. Stacking
sequences of the main and rib parts were [(0/90)¢/0]s
and [0,0/(0/90)6/0]s, respectively. There were 8125
elements and 8316 nodes in the Model 1.

In this study, in order to actually model the
rectangular CFRP tube with ribs, a T-shape rib part
is modeled as shown in Fig. 3 (designated as Model
2). Furthermore, the FEM model improved the
Model 2 is revised as shown in Fig. 4 (designated as
Model 3). The stacking sequences of the main and
rib parts in the Model 2 and Model 3 were
[(0/90)¢/0]s and [0], respectively. The elements and
nodes of the Model 2 and Model 3 were 9656 and
9784, respectively. The impactor and rectangular
CFRP tube with two ribs were modeled by solid and
shell elements, respectively.

In the all FEM models, the imperfection part
was introduced to reduce a maximum load and to get
the stable progressive failure behaviors from the top
edge of the FEM model to a length of 10 mm below
(see Fig. 5). The FEM models with and without the
imperfection parts, were designated as thickness-
changed and thickness-constant models, respectively.

The comparison between thickness-constant
and thickness-changed models is shown in Fig. 6.
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Fig. 3. Details of the finite element model (Model 2)

(a) Model 2

(b) Model 3
Fig. 4. Details of Model 2 and 3

The model without an imperfection part may
produce a high initial maximum load. After that, the
impact load drops rapidly. The initial maximum load
of the thickness-constant model is approximately
two times that of the thickness-changed model. On
the other hand, impact load in the propagation region
is seen that the thickness-changed model is higher
than that of the thickness-constant model. Therefore,
the thickness-changed method in the imperfection
part is chosen. As a result, the tendency of the
impact response behaviors in the FEM analysis is in
good agreement with the impact tests.

5 mm
—> <
(a) thickness-constant model
10 mm /KT Reduce a i
I - thickness f
5 mm

(b) thickness-changed model

Fig. 5. Details of the thickness-constant and
thickness-changed models
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Fig. 6. Comparison of the thickness-constant and

thickness-changed models for the load-displacement
curve

3.2 Boundary and Contact Conditions

The mass and initial velocity of the impactor
modeled as a rigid body were 105 kg and 15.27 m/s
(55 km/h), respectively. For the boundary conditions
of impactor, the displacements along the global axes
x and y, and the rotations for the three global axes
were constrained in the FE analysis. The
displacement of impactor along the =z axis
downwards was only permitted. On the other hand,
in the case of the rectangular CFRP tube with a rib,
the bottom side of the model was perfectly fixed.
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In this FE analysis, the rectangular CFRP tube 200 - | - | -
was modeled by using a shell element (MAT 54,
mat_enhanced_composite_damage) and the Chang-
Chang failure criterion [13,15,16] was used to
determine the failure of element.

The mechanical properties used for MAT 54
in LS-DYNA are listed in Table 1. Also, we adopted
a removing element method base on a time-step
failure parameter (Tfail). These analyses were
conducted with Tfail parameter equal to 0.3. Two
different contact algorithms were used throughout
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FE analysis. The “contact_automatic_surface to 00 : 150
surface” contact interface type was used for the <ol
boundary between the impactor and the top part of Displacement [mm]
rectangular CFRP tube. In case of the CFRP tube, the Fig. 7. Load-displacement curves for all test specimens
“contact_automatic_single surface” contact interface
type was adopted. Table 2. Summary of the experimental results
No.1 No.2 No.3 No.4 No.5 Ave.
. . Maximum
Table 1. Material properties of rectangular load [kN] 179.0 1731 1709 1608 180.3 1728
CFRP tube used in the FE analysis Absorbed 7 137 127 131 120 128
Material property Symbol Values energy [kJ] ' ' ’ ' ' '
Longitudinal Young’;s modulus Ea 140.0 GPa m:;;erlr::l:anr;ent ] 1280 1426 1383 1468 1346 138.1
Transverse Young's modulus Ep 9.0 GPa
Minor Poisson’s ratio Vba 0.0219
Shear Modulus in plane (ab) Gap 4.0 GPa
Shear Modulus in plane (bc) Goe 2.0 GPa
Longitudinal tensile strength Xr 2.6 GPa
Longitudinal compressive strength Xc 1.5 GPa
Transverse tensile strength Yr 0.07 GPa
Transverse compressive strength Ye 0.05 GPa
Shear strength in plane (ab) Sc 0.09 GPa
4 Results and Discussions RS

(a) isometric view

4.1 Impact Test Results

Fig. 7 shows the load-displacement curves of
the rectangular CFRP tube with ribs under impact
loading. The load in the figure shows the value of
the load cell. And the displacement in the figure
shows the displacement of the impactor. It is seen
that the same tendency of the impact response
behaviors is obtained in the all test specimens.

In Table 2, the maximum load, the maximum
displacement and the absorbed energy obtained from
the experimental tests are listed. Here, the absorbed
energy was obtained from load-displacement curves. -

Fig. 8 shows the photographs of impact tested (b) top view

rectangular CFRP tube with a rib. It is seen that the Fig. 8. Photographs of impact tested rectangular
crush zone spread out towards inside and outside of CFRP tube with two ribs
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(a) t=0msec

(b) t=2.08 msec

(c) t=2.92 msec

(d) t=16.25 msec

(e) t=8.33 msec

(f) t=10.42 msec

Fig. 9. Photographs recorded with a high speed camera system (specimen No. 2)

the rectangular CFRP tube wall. Tearing failure
mode was also seen in all of the rectangular CFRP
tubes in the corners. Photographs recorded with a
high speed camera system under impact tests are
shown in Fig. 9. From the images, the stable
progressive failure behaviors are observed.

4.2 Comparison between Impact Test Results and
FEM Results

Fig. 10 shows the impact load-displacement
curves of FEM results, for Model 1, Model 2 and
Model 3. It is seen that their tendency of the impact
response behaviors was relatively the same in the all
FEM models.

Fig. 11 shows the comparison of experimental
results with that of Model 3 for the load-
displacement curves. It is seen that the comparison
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Fig. 10. Load-displacement curves obtained
From the FEM analysis
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Fig. 11. Comparison of experimental and FEM
(Model 3) load-displacement curves

Table 3. Comparison between the experimental and
FEM results of the rectangular CFRP tube

Experiment

Model 1 Model 2~ Model 3 (ave. values)

Maximum

load [kN] 1960 2150 140 28
Absorbed 118 1.9 121 12.8
energy [kJ]

Maximum 146.0 136.0 140.0 138.1

displacement [mm]

of the impact response behavior was favorable.

In Table 3, the maximum load, the maximum
displacement and the absorbed energy obtained by
the FE analyses and average values of the
experimental results are listed. The results of the
Model 3 were in good agreement with the average
values of the impact test results.

5 Conclusions

In this study, we develop rectangular CFRP
tubes with two ribs in order to design impact energy
absorption members under full-lap collision. The
drop weight impact tests were carried out to
investigate the impact response behavior and the
impact energy absorption characteristic of the
rectangular CFRP tube. Also, the FE model was also
developed by using the nonlinear, explicit dynamic
code LS-DYNA to simulate the progressive failure
behavior and the absorbed energy of the rectangular
CFRP tube with ribs under impact loading. Based on
this study, the following conclusions can be drawn:
(1) It was proven that the rectangular CFRP tubes

with two ribs were effective as an impact
absorption member under full-lap collision.
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(2) The comparisons of experimental results with
FEM ones for the load-displacement curves
were favorable. Especially, the maximum load,
the maximum displacement and the absorbed
energy calculated by Model 3 were in good
agreement with the average values of the impact
test results.
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