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Abstract

Quasi-static and dynamic crush tests of a unidirectional carbon fiber reinforced plastic (CFRP)
circular tube were performed, and its energy absorption capability was controlled using a double-
sided plug. It was revealed in the quasi-static crush test that its energy absorption capability was
controlled significantly from 8 to 178 kJ/kg by changing the curvature of the plug. The range of
energy absorption covers almost all types of CFRP tube reported in the literature. A dynamic crush
test up to 55 km/h was then performed by drop weight impact tests. The energy absorption capa-
bility of the CFRP tube in the dynamic crush test was very similar to that in the quasi-static crush
test. A simple design concept of energy absorption for a CFRP tube, using the double-sided plug,
was proposed.
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1. Introduction

The energy absorption capability of a well-designed carbon fiber reinforced plastic (CFRP) laminate is higher
than that of metallic materials [1]. CFRP laminates are, therefore, being used as crash energy absorbing struc-
tures [2]-[10].

CFRP absorbs crush energy by brittle fracture while metallic materials absorb by plastic buckling. These fail-
ure modes are called progressive crushing and progressive folding, respectively. Because the energy absorbing
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mechanisms in progressive crushing and progressive folding are completely different, the design methodology
of a CFRP crash energy absorbing structure is different from that of metallic materials.

The energy absorption capability is strongly dependent on the stacking sequence [1] [11]-[13]. Even when the
same stacking sequence is adopted, the energy absorption capability changes depending on the cross-sectional
features [1] [14]-[16]. The fracture behavior and resultant energy absorption capability of a CFRP laminate is
strongly affected by a combination of the stacking sequence and the cross-sectional features. The mutual inte-
raction and resultant crushing behavior can be predicted by numerical simulation [17]-[21], although countless
simulations are required for an optimized design.

Various plugs have been proposed for axial crushing of a CFRP tube to enhance energy absorption capability
[22]-[28]. An outward-splaying and an inward-folding plug have been investigated, by which the energy absorp-
tion capability of a CFRP tube was increased by enforcing severe damage to the CFRP. The results implied that
the energy absorption capability of a single CFRP tube could be adjusted to meet each design target if the dam-
age extent was controlled by a plug [29].

In this study, a double-sided plug was proposed to control the energy absorption capability of a single CFRP
tube. The plug was composed of an inner and an outer plug which constrained the inner- and outer-sides of the
wall of a CFRP tube. The energy absorption of the CFRP tube was controlled by changing the plug. Quasi-static
and dynamic crush tests were performed to investigate the suitability of the plug, from which a simple design
concept for energy absorption of a CFRP tube was proposed.

2. Experiment Methodology
2.1. Material and Specimen Configuration

A CFRP tube with a circular cross-section was fabricated from a prepreg sheet (PYROFIL TR30S/#380, Mitsu-
bishi Rayon). The prepreg sheet was wound onto an aluminum mandrel of 50 mm inner diameter, and bagged by
a heat resistive film. The prepreg sheet was then cured at 130°C for 90 min under a vacuum condition. The
stacking sequence was unidirectional, and a total of twelve prepreg sheet were stacked. The fiber volume frac-
tion was about 60%. The aluminum mandrel was removed after consolidation of the CFRP tube. The consoli-
dated CFRP tube was cut into 80 mm lengths with tube walls approximately 2.9 mm thick. No chamfer was
machined on the specimen because progressive crushing of the CFRP tube started at the tip as a result of the
curvature on the inner-plug.

The unusual unidirectional stacking sequence was adopted in this study because the plug was designed to
control energy absorption by controlling the amount of fiber fracture in 0°-ply. Other stacking sequences of a
CFRP tube can also be used. The significance of the 0°-ply on the energy absorption of a CFRP tube in axial
crushing is shown by means of the plug excluding the effect of the stacking sequence [30].

2.2. Double-Sided Plug

A one-sided plug such as an outward-splaying or an inward-folding plug was used to increase the energy ab-
sorption of a CFRP tube [22]-[28]. The plugs constrained the inside or outside surface of the wall of the CFRP
tube by which the fractured CFRP was ejected outward or inward from the tube. It was shown that an in-
ward-folding plug yielded higher specific energy absorption. The results implied that the energy absorption of a
single CFRP tube could be controlled if the extent of the damage was controlled by a special plug, which con-
tributed to the simple design of a crush energy absorbing structure.

In this study, a double-sided plug was introduced to control the energy absorption capability of a CFRP tube.
The double-sided plug constrains both the inside and outside surfaces of the wall of a CFRP tube in the axial
crushing. In the case of a one-sided plug, the CFRP tube tends to swell to the other side in the crushing because
the wall of the CFRP tube is supported from one side by the plug, which would cause undesirable blooming
failure of the tube. A double-sided plug prevents the blooming failure, and controls the extent of the fracture.
The plug is also effective in moderating the initial peak load by enforcing continuous fracture of a CFRP tube up
to the stable crushing region and reducing the fluctuations of a sustained crushing load. These are the require-
ments for crash safety in preventing injury of the passengers.

The double-sided plug for a CFRP circular tube is shown in Figure 1. The double-sided plug is composed of
an inner and an outer plug, which support the inside and outside surfaces of the wall of a CFRP tube in the
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crushing. A CFRP tube is inserted into the plug at the top of the plug in the figure. The inner and outer plugs
have respective curvature radii which are denoted by R; and R,. These plugs are connected by bolts and nuts
with a spacing of 3 mm using shims, which is approximately the thickness of the CFRP tube used in this study.
The shim has a knife-edged shape, which enables ejection of fractured CFRP from the plug. The double-sided
plug is a type of outward-splaying plug. The plug and shims are made of S45C (Japanese Industrial Standard)
steel.

The double-sided plug guides the wall of a CFRP tube under axial crushing by constraining both the inside
and the outside surfaces. The amount of fiber fracture in 0°-ply of a CFRP tube is controlled by changing the ra-
dius of curvature of the plugs. The pairs of curvature radii of the double-sided plugs used in this study are shown
in Table 1. A total of 8 sets of plugs were prepared and supplied for the crushing tests. Note that the clearance ¢
is constant for the No. 3 to No. 8 plugs and not constant for the No. 1 and No. 2 plugs.

2.3. Specific Energy Absorption

Specific energy absorption (E) was used to compare energy absorption efficiencies. Specific energy absorption
is defined as:
_ 1 lpg - Rl

E, _VIO PdL==2= [ki/kg], 1)
where P is the progressive crushing load, L. is the crushed length of the specimen, M is the mass of the specimen,
and P, is the average progressive crushing load. Here, the initial transition region from 0 to 10 mm crushing
length was eliminated to calculate the specific energy absorption, and specimen length was substituted in L.
This condition results in a somewhat higher calculated specific energy absorption than the actual value when the
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Figure 1. Assembly drawing of the double-sided plug for a CFRP circular tube.

Table 1. Pairs of curvature radius for the double-sided plug and resultant specific energy ab-
sorption from quasi-static crush tests.

Plug No. 1 2 3 4 5 6 7 8

R, [mm] 0 0 0 1 2 3 4 5

Ri [mm] 1 2 3 4 5 6 7 8
Clearance ¢ Not constant Constant

Specific energy absorption” [kd/kg] 168(163) 178(164) 108(96) 36(34) 15(17) 18(18) 9(11) 8(10)

“Mean value. The specific energy absorption was calculated with the elimination of the initial transition region. The
specific energy absorption in round bracket included the initial transition region.
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crushing length (specimen length) is limited. The difference in the energy absorption reduces with the increase
in crushing length. The condition is used in this study to show the direct relationship between the curvature ra-
dius of the plug and specific energy absorption excluding the effect of crushing length. In particular, crushing
length is changed by impact speed in dynamic crush test, which affects actual specific energy absorption. The
specific energy absorption was also calculated including the initial transition region, and shown for reference.
The weight of the plug was not considered when calculating the specific energy absorption, because the practical
design of the plug was beyond the scope of this study.

2.4. Quasi-Static Crush Test

Quasi-static crush tests were performed between parallel steel platens of a universal testing machine (AG-IS 150
KN, Shimadzu). A compressive load was applied to a specimen quasi-statically under displacement control with
a crosshead speed of 1.0 mm/min. The test was performed until 40 mm of crushing length. The data on the ap-
plied load and the shortening of the platens were collected using a digital data acquisition system.

2.5. Dynamic Crush Test

Dynamic crush tests were performed using a drop weight impact test to investigate the effect of impact speed on
the energy absorption capability. The impactor was dropped from a maximum height of 11.9 m, with a maxi-
mum speed just before impact on a specimen of about 55 km/h. The impact speed was controlled by adjusting
the height. The crushing length of the CFRP tube depends on the impact speed.

The test fixture is shown in Figure 2. The impactor had a flat impact face as shown in Figure 2(a). The im-
pactor weighed 65 kg. The impact load was measured using a load cell (CLP-500KNB, Tokyo Sokki Kenkyujo).
The CFRP tube installed in the double-sided plug was placed on the load cell using a positioning jig, and the
impactor directly hit the CFRP tube in the test. The motion of the impactor was recorded using a high speed
camera (Phantom V7.1, Vision Research). The crushed length of the CFRP tube was measured from the image
of the high speed camera using image analysis software (PcVector, OKK Inc.), and it was synchronized with the
date from load cell to obtain load-crush length curve.

3. Results and Discussion
3.1. Quasi-Static Crush Test

3.1.1. Load-Crush Length Curve

Figure 3 shows a typical example of load-crush length curves obtained from quasi-static crush tests of the un-
idirectional CFRP tube installed in the double-sided plug. The curvature set used for the plug are indicated in the
figure. For example, if the outer curvature radius is R, = 2 mm and inner curvature radius is R; =5 mm, it is in-
dicated as (2, 5).

The load increased with increasing length of crushing. Local failure (delamination) was initiated at the tip of
the CFRP tube, shown by a slight drop in the load. The load again increased up to the sustained crushing load
when the double-sided plug had a small radius of curvature, and a clear initial peak load was not observed.
However, the load did not increase again when the double-sided plug had a large radius of curvature.

1'| 1
NN |

Double-sided plug

Guide for impactor

Load cell

@ | (b)
Figure 2. Test fixtures for the dynamic crush test. (a) Impactor; (b) High speed camera image at impact.
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In the case of the double-sided plug of (R,, R;) = (0, 1), and (0, 2), fluctuations of the sustained crushing load
were observed. Increasing the clearance ¢ developed a discontinuous fracture in the crushing, which resulted in
fluctuations of the sustained crushing load. However, it was not observed for other constant-clearance plugs be-
cause of the regulated fracture of the CFRP tube.

3.1.2. Controlling Energy Absorption

The sustained crushing load was higher when the radius of curvature of the plug was smaller. Figure 4 shows a
comparison of the specific energy absorption versus the radius of curvature of the plugs. The specific energy
absorption was also summarized in Table 1. The tests were performed three times for each testing conditions,
and the results shown are the averaged values.

Smaller curvature radii showed higher specific energy absorption. The maximum specific energy absorption
was 178 kJ/kg when a double-sided plug of (R,, R;) = (0, 2) was used. By contrast, the minimum specific energy
absorption was 8 kJ/kg when a double-sided plug of (R,, R;) = (5, 8) was used. The difference in the specific
energy absorption was 170 kJ/kg, in which the range of energy absorption was controlled by changing the radius
of curvature of the plug. The plug used and the resultant energy absorption of the CFRP tube corresponded on a
one-to-one basis, except for the plug of (R, R;) = (0, 1). The double-sided plug can be selected using Figure 4
when the required energy absorption has been previously determined.

3.1.3. Fracture Behavior
Figure 5 shows the CFRP tubes after the tests. The plug was removed after the tests and only the CFRP tubes are
shown in the figure, and the photographs were taken placing the fractured CFRP tube upside down. Delamination

200

©.2)

150 | 4(0’ 1)

100

Load [kN]

50

0 10 20 30 40 50
Crush length [mm]

Figure 3. Load-crush length curves from the quasi-static crush tests of a un-
idirectional CFRP tube installed with a double-sided plug.
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Figure 4. Specific energy absorption from the quasi-static crush tests of a
unidirectional CFRP tube installed with a double-sided plug.
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and splitting failure were observed for every specimen. In the case of the double-sided plug of (R, R;) = (0, 2),
the CFRP tube remained deformed. By contrast, in the case of the double-sided plug of (R,, R;) = (5, 8), the
CFRP sprang back almost to the original shape when the plug was removed. The spring back was small when
the radius of curvature of the plug was small.

Then, the specimens were filled with epoxy resin (105/206, West system) to observe the crash zone. After the
resin was completely cured, the specimen was cut along the loading direction. The polished section of crash
zone was observed using an optical microscope, and is shown in Figure 6.

In the case of the double-sided plug of (R, R;) = (0, 2), some delaminated layers were missing due to the se-
vere damage, which was noticeable around outer curvature constrainer due to smaller radius of outer curvature.
Starting point of fiber fracture due to bending was clearly observed. Therefore, the fracture mode of the CFRP
tube was fiber fracture, delamination and splitting, which resulted in an E; = 178 kJ/kg. In the case of the
double-sided plug of (R,, R;) = (5, 8), delamination was observed but no fiber fracture. The fracture mode of the
CFRP tube was, therefore, delamination and splitting, which resulted in an E; = 8 kl/kg. The energy absorption
capability of the CFRP tube was controlled significantly by changing the amount of fiber fracture.

E,=178 kJ/kg E, = 108 kJ/kg E, = 36 kJ/kg
(1) R, R)=1(0,2) (2) (Ro, R) = (0, 3) ) (R, R)=(1,4)

Es = 15 k/kg Es = 18 ki/kg Es=9 kikg Es=8kikg
(4) (R, R) = (2,5) (5) (Ro, R) = (3, 6) (6) (Ro, R) = (4, 7) (7 (Ro, R) = (5, 8)

Figure 5. Unidirectional CFRP tubes after quasi-static crushing tests; the double-sided plug was removed af-
ter the test to take the photographs.

Start line of fiber fractu

@ ) © )
Figure 6. Polished sections of crash zone. (a) (R,, Ri) = (0, 2); (b) (Ro, Ri) = (0, 3); () (Ro, Ri) = (1, 4); (d) (R,

R)) = (5, 8).

r




M. Ueda et al.

The maximum specific energy absorption was obtained when the double-sided plug of (R,, R;) = (0, 2) was
used. Figure 7(a) and Figure 7(b) show sectional images of the crushing of the CFRP tube in the plug when the
double-sided plug of (R,, R;) = (0, 3) was used. An opening around the outer radius of curvature R, was observed
because the wall of the CFRP tube could not follow the outer curvature exactly because of the stiffness. Because
the wall of the CFRP tube was pressed to deform along the inner curvature of the plug, the fiber fracture around
the inner radius of curvature R; increased when the double-sided plug of (R,, R;) = (0, 2) was used (Figure 7(c)),
which increased the energy absorption. However, the larger clearance for the plug of (R,, R;) = (0, 1) caused
larger fluctuations of the sustained crushing load, which resulted in degradation of the energy absorption.

Specific energy absorptions of 178 kJ/kg and 8 kJ/kg are one of the highest and lowest values among the var-
ious types of CFRP reported in the literature [1]. The amount of splitting and delamination were almost the same
independent of the radius of curvature, and the energy absorption was exclusively done through fiber fracture.
Fiber fracture in 0°-ply plays a significant role in energy absorption in the axial crushing.

3.2. Dynamic Crush Test

3.2.1. The Effect of Crushing Speed on Load-Crush Length Curve

Dynamic crush tests were performed to investigate the impact speed on the energy absorption capability of the
CFRP tube installed with a double-sided plug. Here, the effect of the crushing speed was studied using the
double-sided plug of (R,, R;) = (0, 2) which demonstrated the maximum energy absorption. Dynamic crush tests
were performed with different impactor speeds of 20, 25, 30, 35, 40, 45 and 55 km/h. Figure 8 shows the
load-crush length curves obtained in the dynamic crush tests. The results obtained in the quasi-static crush tests
(loading speed was 1.0 mm/min) are also shown in the figure. Because the impactor hit the guide shown in Figure
2 as a result of the short specimen length when the crush length exceeded 60 mm, the results were shown until a
crush length of 60 mm was reached. The impactor only hit the guide when the impact speed was 55 km/h.

In the initial transition region, the load showed a modest increase compared with that in the quasi-static test. It
was caused by the inertia of the positioning jig between the load cell and the CFRP tube. The load-crush length
curves almost coincided independent of the crushing speed except for the initial transition region. Figure 9
shows a comparison of the average sustained crushing loads versus the impact speeds. The average sustained
crushing loads were calculated with the elimination of the initial transition region to show the direct relationship
between the radius of curvature of the plug and the specific energy absorption, as mentioned in Section 2.3. The
average sustained crushing loads were almost constant and independent of the impact speed. The energy absorp-
tion capability of the CFRP tube installed with a double-sided plug did not change, irrespective of the impact
speed.

Figure 10 shows the CFRP tubes after the dynamic crush test when the impact speed was 35 km/h. The frac-
ture modes of the CFRP were fiber fracture, delamination and splitting, which were identical with those of the
CFRP tube after the quasi-static crush tests. The average sustained crushing load was almost the same as that
from the quasi-static crush tests. It was reported that the energy absorption capability of the CFRP changed with
impact speed because of the transition of the fracture mode [15] [31]-[33]. However, the double-sided plug con-
strained the fracture mode of the CFRP tube, which resulted in almost the same energy absorption irrespective

of the impact speed.
' Load ' Load

Inner plug Quter plug

Opening Opening

-
-

Start line of fiber fracture Curvature radius of a CFRP is smaller
than that in (0, 3) plug.

@ (b) (©

Figure 7. Crushing of a CFRP tube in the plug. (a) Cross sectional picture (R,, R;) = (0, 3); (b) Schematic of cross section (R,,
R;) = (0, 3); (c) Schematic of cross section (R,, R;) = (0, 2).
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Figure 8. Load-crush length curves from the dynamic crush tests of a
unidirectional CFRP tube installed with the double-sided plug of (R,,
Ri)=(0,2).
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Figure 9. Comparison of average sustained crushing load versus im-
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Figure 10. A unidirectional CFRP tube after a dynamic crush test of
35 km/h; The (R,, R;) = (0, 2) plug was removed after the test.
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Figure 11 shows the load-crush length curves for the dynamic crush test when the double-sided plug of (R,,
R;) = (5 mm, 8 mm) was used. The impact speed was 55 km/h. The load-crush length curve was almost the same
as that from the quasi-static crush test even when the double-sided plug had a large radius of curvature.

3.2.2. The Effect of Crushing Speed on Specific Energy Absorption

Figure 12 shows a comparison of the specific energy absorption of the unidirectional CFRP tube installed with
the double-sided plugs for the quasi-static and dynamic crush tests. The impact speed of the dynamic crush test
was kept constant at 55 km/h, and the curvature set for the plug was changed. The plug of (R,, R;) = (0, 1) was
not used here because the energy absorption decreased as compared with the plug of (R, R;) = (0, 2). The dy-
namic crush test results with the plug of (R,, R;) = (3, 6) are not shown in the figure because of errors in data
collection.

The specific energy absorption increased with a decrease in the radius of curvature of the plug. Some differ-
ence was observed when a comparison was done at the same curvature radius of the plug. In the drop weight
impact test, the impact load was applied eccentrically to the CFRP tube because the impactor slightly inclined
when it released, which could affect the resultant energy absorption. However, the results almost coincided with
those in quasi-static crush tests.

The fracture mode was the same independent of the impact speed when the same double-sided plug was used.
Because the double-sided plug constrained the fracture mode of the CFRP tube, the energy absorption was in-
dependent of the impact speed when the plug was applied. Energy absorption of a CFRP tube can be designed

200
: Quasi-static compression test
(2.0 mm/min)
150 | .
: Dynamic crush test (55 km/h)
3
=3
< 100
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(=}
-
50 |
0 L T | | |
0 10 20 30 40 50 60

Crush length [mm]

Figure 11. Load-crush length curves from a dynamic crush test of
55 km/h of a unidirectional CFRP tube installed with the double-
sided plug of (R,, Ri) = (5, 8).
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Figure 12. Comparison of specific energy absorptions from qua-
si-static and dynamic crush tests of a unidirectional CFRP tube in-
stalled with a double-sided plug.
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by selecting the appropriate double-sided plug using the results in the quasi-static crush tests when the required
energy absorption has previously been determined.

4. Conclusions

A double-sided plug was used for progressive crushing of a CFRP tube to control its energy absorption capabil-
ity. Quasi-static and dynamic crush tests of a unidirectional CFRP tube were performed to study the suitability
of the plug. The results obtained in this study are summarized as follows.

1) The wide range capability of energy absorption of a unidirectional CFRP tube was demonstrated for
changing curvature sets of the double-sided plug. The plug used and the resultant energy absorption of the CFRP
tube corresponded on a one-to-one basis. Energy absorption of the CFRP tube can be designed by selecting a
suitable plug.

2) The macroscopic fracture modes of the unidirectional CFRP tube were fiber fracture, delamination and
splitting. Energy absorption of the unidirectional CFRP was mostly done by the fiber fracture, and the energy
absorption capability was controlled by changing the amount of fiber fracture.

3) The range of specific energy absorption obtained in this study was from 8 kJ/kg to 178 kJ/kg which were
among the lowest and highest values among the various types of CFRP reported in the literature. Fiber fracture
in 0°-ply plays a significant role in energy absorption in the axial crushing of a CFRP tube.

4) The energy absorption capability of a CFRP tube with a double-sided plug was not dependent on the im-
pact speed because the fracture mode did not change as a function of the impact speed. Energy absorption of a
unidirectional CFRP tube can be designed by selecting the appropriate double-sided plug using the results from
the quasi-static crush tests.
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