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Abstract

This paper investigates the effect of various trigger mechanisms on the force history pat-
tern, initial collapse load, mean force and specific energy absorption of CFRP composite
tubular absorbers. These trigger mechanisms are bevel with angles of 15°, 30°, 45° and 60°
and tulip with angles of 60° and 90° and tip numbers of 4 and 6. Experimental studies were
performed for three trigger mechanisms of Bevel (B30° and B60°) and tulip with four tips
and angle of 60°, 4T60. It was shown that tulip mechanisms significantly change the force—
displacement pattern in comparison with bevel triggers. In this case, the initial collapse
load decreases, which leads to improving the crush force efficiency (CFE) and progressive
energy absorption. This analysis also contains numerical modelling, which investigates
other designs of bevel and tulip trigger mechanisms with different angles. Finally, numeri-
cal results are validated against experimental results using advanced finite element tech-
niques in LS-Dyna. The developed tulip trigger mechanisms indicated a significant change
of crushing force history, which results in improvement of crashworthiness parameters.
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1 Introduction

In the past decades, different types of crashworthy polymer composite components have
been investigated including various geometrical shapes, material systems and lay-ups,
various fabrication methods and trigger mechanisms under oblique, axial, quasi-static
and impact loading conditions [1-4]. These benefits rely on their high strength and low
density which leads to high values of specific strength and stiffness of fibre reinforced
polymer (FRP) composites [5]. This application produces a considerable weight reduc-
tion, which makes these materials very suitable for facing some of the challenges in the
transportation sector nowadays [6—8]. In the case of crashworthy of composite tubular
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components, it has been proven that they can provide more efficient behaviour than
equivalent metallic solutions [9, 10].

The crashworthiness of a structure or subcomponent is related to its crash resistance
and involves its energy absorption capabilities during an impact scenario. Normally,
kinetic energy is absorbed permanently by crash components, which are designed for
this purpose. This energy absorption is produced employing both the device collaps-
ing force and deformation. Therefore, the control of the accelerations is transmitted
to the vehicle occupants (related with the crushing forces) as well as the component
deformation which must ensure passengers’ survivability zone. Moreover, these type of
structures can be designed to fail progressively thus maximising their energy absorption
capabilities. To obtain this sort of sustained failure and to avoid a low-efficiency sudden
global failure, local geometrical modifications which are called trigger mechanisms are
used in the structures [2, 9].

Different collapsing modes can take place within the axial crushing of tubular com-
ponents. Several authors such as Hull [2] and Farley and Jones [3] identified three main
crushing modes: transverse shear or fragmentation, lamina bending or splaying and local
buckling. Fragmentation and lamina bending are the main mechanisms of high stiffness
components and therefore of CFRP energy absorbers. The combination of two crushing
modes of transverse shearing and lamina bending is called brittle fracture mode [3]. Within
these modes, energy is absorbed using mode I and mode II crack formation and propaga-
tion, fibre breakage, interlaminar shear at the generated fronds, lamina bending and frac-
ture, and the friction between the debris wedge with the fronds and impactor surface [2, 3].
Several factors alter these failure mechanisms, thus affecting the crashworthiness response
of the energy absorbers. Among these factors, the geometry of tubes [1, 4, 9-13], laminate
design [1, 10, 14—16] and material fracture toughness [14, 17—19] are widely reported.

Apart from these, trigger mechanisms are widely reported in the literature too. Czaplicki
et al. [20] and Jiménez et al. [13] studied squared section tubes with chamfer and tulip triggers
in E-glass composites. Czaplicki et al. [20] reported that tulip triggered tubes showed higher
values of energy absorption than the chamfered ones. Moreover, tulip triggered tubes showed
a smooth force response without initial peak when compared to the bevel ones [13, 20]. It
was proven that the angle of chamfer has a strong effect on the crashworthiness response,
with higher energy absorption at 60° in comparison with 30° and 45°. This angle dependence
was less evident for the tulip triggered tubes. Palanivelu et al. [21] compared 45° bevel and
tulip triggers in circular and squared E-glass tubes. For squared sections, the tulip absorbed
higher energies than chamfer trigger mechanism. Contrary, for circular sections, chamfered
tubes showed a better performance in comparison with the tulip trigger. Sivagurunathan et al.
[22] explored the crushing behaviour of natural fibre tubes using four different initiators: no
trigger, chamfer, double chamfer (steeple) and tulip. In the case of square tubes [13, 20], tulip
triggered tubes did not exhibit an initial peak in load, however, they showed the highest spe-
cific energy absorption (SEA).

Tong et al. [23] tested a plug trigger with semi-circular shape which exhibited a stable
crushing behaviour. Adding a notch trigger reduced initial loading instabilities with mini-
mum effect in the SEA. Finally, Huang and Wang [24, 25] reported the use of two engi-
neered triggers in CFRP components: crown trigger (a combination of bevel and notch)
and the use of a Shape Memory Alloy (SMA). Similar mean forces and SAE but lower
peak load were observed for the crown compared to the chamfer tubes. The SMA presented
a significant increase in SAE compared to that of a ply-off triggered tube.

In this work, effect of various trigger mechanisms on energy absorption of CFRP com-
posite tubes are studied experimentally and numerically. The developed trigger mechanisms

@ Springer



Applied Composite Materials (2022) 29:1771-1794 1773

are tulip and bevel, which show a significant change in crashworthy performance of CFRP
tubular absorbers.

2 Experimental Studies
2.1 Manufacturing of Specimens

A single tube was manufactured by hand layup with carbon/epoxy pre-impregnated plies
with a stacking sequence of [45/-45/0/90]s. Laminas were wrapped over a metallic mandrel
with a machined OD of 65 mm. Once the CFRP tube was laminated, cured and de-moulded,
it was cut to provide the tubular specimens of 150 mm long each. After that, triggers were
machined on them. The outer diameter of the tubes was 70 mm with a wall thickness of 2.4
mm, providing a t/D ratio of 0.034 which according to Rabiee and Ghasemnejad [4] fits
within the range of ratios providing stable axial crushing. Two different triggers and two dif-
ferent trigger configurations were analysed through those specimens. The triggers were 30°
and 60° bevel (measured from the vertical axis) and 60° tulip (see Fig. 1).

2.2 Impact Testing

The specimens were tested at the Cranfield Impact Centre (CIC) in a drop tower test rig.
Tubes were vertically loaded using a flat impactor of 80 kg at 5 m/s thus producing an
impact kinetic energy of 1 kJ, which were simply supported at the bottom end. Samples
were surrounded by a piece of foam (Fig. 2a) to protect the rig from a possible direct
impact between the impactor and the load cell produced by a sudden failure of the speci-
mens. Figure 2b is included to clarify how the tubes went all the way through the foam and
show the support conditions. A 400 kN load cell and accelerometers were used to obtain
the force—displacement response of the tubes from the test. The signal of the accelerom-
eters was converted to obtain the impactor displacement.

70 mm

Fig.1 Triggered specimens. 60° Bevel (left), 30° Bevel (middle) and 60° Tulip (right)
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50
mm

a b

Fig.2 a B60 specimen and safety foam and b 4T60 specimen under drop tower impact test

2.3 Analysis of Experimental Results

This section discusses the experimental results for the tested specimens in Sect. 2.2. Here,
the failure modes which take place during the crushing process as well as their perfor-
mance in terms of Peak Load or “Fmax”; Maximum displacement or “d”’; Mean Force
or “Fm” (Absorbed energy over maximum displacement); Specific Absorbed Energy or
“SAE” (Aboserved energy over crushed mass); Crushing Force Efficiency or “CFE” (Fm
over Fmax) and Stroke Efficiency or “SE” (crushed over initial length) are presented in
detail.

2.3.1 Bevel at 60° (B60)

Figures 3 and 4 illustrate the B60 specimen after the impact test. Both figures depict that
the tube failed progressively from the top (triggered) end throughout a brittle fracture mode
but with a predominant lamina bending or splaying mode rather than a fragmentation one.
Mode I circumferential main crack appeared in the outer 0°//90° interface therefore pro-
ducing an inner bundle which is coarser than the outer. This specific failure might have
been motivated because the UD 90°/90° laminate middle interface is stronger in terms
of fracture toughness as reported in [15] than the 0°//90°. Crumpled 90° fibres produce a
debris wedge along with the interface of this circumferential crack. While the outer bun-
dle shows a clear bending and petal formation within the 0° fibres, the inner one depicts a
larger amount of fibre fraction mode. Since the failure mode was not a pure lamina bend-
ing, certain failure modes appeared within the bundles too. The outer bundle shows a mode
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Fig.3 B60 specimen after
impact testing

Longitudinal cracks and
petal formation

50 mnn

Mode II delamination at
the outer -45°/0° interface

II delamination at the -45°//0° interface, longitudinal intralaminar mode III cracks promot-
ing the petals formation and some fibre fraction at the 0° lamina produced by bending. The
strong bending interaction between the outer 0° lamina and the impactor can be observed

Fig.4 B60 specimen after the
impact testing, a plane view and
b side view

Mode I interlaminar
crack at the outer
0°/90° interface

50 mm : b
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in Fig. 4 which depicts how these fibres tended to support the impactor whereas the + 45°
fibres tended to roll down the tube. On the other hand, the inner bundle presented mainly a
brittle fracture mode with certain lamina bending which is produced by the accumulation
of material in the inner section of the tube as well as the friction against the impactor.

2.3.2 Bevel at 30°(B30)

Results of a bevelled trigger mechanism at 30° are similar to the previous chamfered tube
and exhibited the same brittle fracture failure mode involving lamina bending, mode I crack
propagation (0°//90° interface), debris wedge, mode II interlaminar cracking (-45°//0° inter-
face), fibre fraction, petal formation and longitudinal crack formations. A large amount of
failure mechanisms is very positive for energy absorption purposes (see Fig. 5).

2.3.3 Tulip at 60° (4T60)

Figure 6 illustrates the crushing process of tulip trigger mechanism in brittle fracture mode
with more fragmentation and less amount of mode II delamination compared to the bev-
elled tubes. This fewer delamination at the 0°/45° interface results in less longitudinal
intralaminar cracks and less petal formation at the 0° fibres in this composite absorbers.

In general, the brittle fracture failure mode was observed similarly to other authors’ who
worked with similar materials, triggers, geometries and laminate designs [24, 25]. This

Fig.5 B30 specimen after impact
testing, a overall deformation and
b plane view

Lamina bending

Mode II crack at the
outer -45°//0° interface

- N /

%

Mode I interlaminar
crack at the outer
0°//90° interface

\' e
b

f X / I ! .| Longitudinal cracks and
| Debris wedge |, petal formation
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Fig.6 4T60 specimen after
impact testing

Longitudinal cracks
and petal formation

Splaying of the
four trigger tips

collapsing mode produced the failure mechanisms and features which were introduced
before and described by Hull [2] and Farley and Jones [3]. Results of SEA in the range
of 27-40 kl/kg are presented in Table 1. The main failure mechanism in Mode I circum-
ferential crack took place in a weak interface such as the 0°/90°. Figure 7 represents the
force—displacement responses of the three tubes with three type of trigger mechanisms.
The chamfered ones presented the typical sharped load rising with a triggered peak load

Table 1 Comparison of experimental crashworthiness performance of various triggers

Fmax (kN) Fm (kN) Disp. (mm) SAE (kJ/kg) CFE (%) SE (%)

B60 90 29 35 38 32 23
B30 72 31 33 40 43 22
4T60 33 17 58 37 52 39
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Fig. 7 Comparison of experimental force—displacement responses

followed by a drop and load stabilisation. However, the tulip trigger mechanism indicates
a soft load rising during the trigger crushing followed by a constant load. This kind of
response avoids the initial and high peak force. This conclusion agrees with the results
presented by other authors [13, 21, 22] even taking into account the difference in materials,
geometries and loadings. It can be observed that the sustained crushing force of three trig-
gers is very similar and around 30 kN. This gives consistency to the results and validates
the manufacturing process. In bevelled trigger mechanisms, it is clear that as the chamfer
angle increases, the peak load becomes higher. Furthermore, the B30 sample presented not
only the benefit of producing a lower peak load but also a higher mean force, which caused
a shorter displacement. Also, between these two tubes, a difference in the loading slope can
be observed. The B30 specimen presents a slightly softer slope compared to the B60 one.
This behaviour makes the peak load duration of this tube to be longer than the B60’s. This
fact should be assessed in combination with the acceleration thresholds, since higher peaks
can be as unsafe as shorter peaks but in longer periods.

The crashworthiness performance outputs of the specimens are shown in Table 1 and
plotted in Fig. 8. Within the chamfered tubes, B60 produced a peak load which is 25%
higher than the B30’s. The 6% difference in mean force causes a 5.5% increase in SAE and
33.2% in CFE. The increase in mean force also causes an increase in CFE from the B60
specimen to the B30. Therefore, due to the reduction of initial peak load and consequently
higher values of SAE and CFE, the B30 specimen was concluded to perform better than
the B60. It is also shown that the bevelled tubes represent higher forces than the tulip tube.
The maximum force and mean forces of 4T60 presented a 54% and 44% reduction respec-
tively compared to B30. Also, the tulip specimen represented a 7.5% reduction of SEA in
comparison with the B30, however, its SEA was close to B60 specimen. Nevertheless, the
fact of having lower load levels produced an increase of 22% in CFE and 77% in SE from
the B30 specimen to the 4T60. Therefore, the tulip type trigger appears to perform worse
in terms of mean force and SEA. Nevertheless, the reduction in peak force causing the
increase in CFE and SE, as well as the fact of avoiding the initial high peak load opens the

@ Springer



Applied Composite Materials (2022) 29:1771-1794 1779

100.0
90.0
80.0
70.0
60.0
50.0
40.0

30.0
20.0
10.0
0.0 : :

Fmax (kN) Fm (kN) d (mm) SAE (kJ/kg) CFE (%) SE (%)

B60 ®WB30 E4T60

Fig. 8 Experimental crashworthiness parameters between three different trigger mechanisms

chance that, if the other parameters can be improved, find a compromise crashworthy solu-
tion within the tulip triggers.

3 Numerical Investigations

The tested CFRP triggered specimens were setup in a dynamic model in LS-Dyna with the
same geometrical and impact inputs as per each test. Tubes were simplified through two cylin-
drical shells each of them representing one half of the wall’s thickness. This method allows
to represent the main longitudinal mode I delamination while reducing the modelling and
running time. The shells were connected using an automatic one way surface to surface tie
break contact which strength is linked to both normal and shear contact strengths. The con-
tact between the impactor and the tube and, the self-contact of the tube were defined as auto-
matic surface to surface and automatic general contact respectively. The two shells were
implemented with 2 X 2 mm quadrilateral fully integrated multi-layered elements based on the
Belytschko-Wong-Chiang shell formulation [29]. The material properties of the composite are
presented in Table 2. The chamfers in the bevel triggers were implemented as a difference in
the shells length at the top end whereas the tulip tubes didn’t need from any sort of simplifica-
tion. Within the LS-Dyna material cards, MAT_55 was selected, which implements the Tsai-
Wu failure criteria and provided stable crushing. The output taken from the model was the
impactor’s force—displacement response. The force pulse was smoothened using an SAE filter
@ 1000 Hz, which corrected the signal reducing high-frequency pulses that drove to high and
sharped force values. Figures 9, 10, and 11 show the force—displacement responses of the three
tested and modelled specimens. Performance results, as well as numerical errors, are presented
in Table 3.

As mentioned, not only the values of the performance parameters were important to
be matched, but also the behaviour of the absorbers. That would ensure that the model
represents the same mechanisms as the experiments. As it was observed in the test, the

@ Springer



Applied Composite Materials (2022) 29:1771-1794

1780

uoIssa1dwod 21qy J0J Urens WNWIXeA S00°0- OTIvAd
(19rIU09 [[YS/[19YS)
Ssang aIn[req Ieayg vy (edIN) ST4S UOISU9)} 2Iqy 10 Urens WNWIXeA 7100 ITvd4d
(1923009 [[YS/[12YS)
SSan§ aIn[re] [BULION &% (edIN) STAN urens Jesys [eLIOSUS) WNWIXEIA 1200 STv4d
(1971109 [[3Ys/[[9YS)
uonoLIj Jo J03oe) drweukq €20 ai XLIJew JOJ Uren)s WNWIXeJA 910°0 INTIVAQ
(1081100 [[oys/[[oYS)
uonoLIy JO I0JoR) ORI €20 SA Suans 9[ISUQ) ISIOASURL], Sop (BdIN) LA
(19eU00-13s [9YS)
uondLIy JO 1030B] dTWRUA(] €0 ad )Suans 9AISsaIdWOD 9SIQASURI], 0S1 (edIN) DA
(30eU0D-J[3s 2qn])
UONJLLY JO 10108} OnelS €C0 Sd Suons J[ISud) [EUIPMISUOT L1 (edD) IX
(30v3U00 9qnj/1030edw]) UOTIOLIJ JO J0JOR OTWERUA(] S0°0 ai yiSuans oarssaxdwod reurpmISuo| 80 (edD) DX
(3o'3U00 9qny/10)oRd]) UONOLIJ JO J0JOR] JNEIS SO0 Sq qvVv ‘sninpowt Ieays 9'¢ (edD) gVD
UOLIILIO 2In(req 99 LI¥D Bq Oner s .uosiodq 100 vadd
y)Suans 9[Isud) AIqy Joy Juruajos 0 1d94 UONOAIIP SIAASURI) — SN[NPOW S, FUNOX 78 (edD) 99
yISuans [eLIDJEW JOJ J0JOB] UONONPAI SUIU)JOS L0 140S UONI2IIP [RUIPMISUO] — SN[NpPoW S, FUNox €611 (edD) vd
UONQ[OP JUSWII[Q JOJ BLIOILIO 9ZIS da)s o, 90 TIVAL K)ISUAp SSBIA 00ST (cw/3y) O
uondrosaq onfeA Io)owered uonduosaq anfep Ioyowered

s1d)Ruwesed [eILIdWNN

s1djoweaed [BLI)BIA]

sontadoid [erroyewr yeuture] 9isodwos jo Arewrwung g ajqeL

pringer

Qs



Applied Composite Materials (2022) 29:1771-1794 1781

100.0
90.0
80.0
70.0
60.0

=
. \JMWM

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040
Displacement (m)

Force (kN)

B60 Test B60 Model

Fig.9 Experimental and numerical comparison for force—displacement results — B60 Specimen

tubes effectively failed by a mode I central delamination and certain fracture, which is
represented by the element deletions. These Longitudinal cracks leading to petal for-
mation did not visually happen leading to a perimeter crack progression. However, it
seems that petal formation is prevented by element distortion instead of deletion at the
points where these longitudinal cracks are initiated. The physical differences between
the numerical and experimental results come from the lack of debris, the element dele-
tion which removes the failed elements, and an excessive curling of the two shells in the
numerical results which reduces the shape of bent laminas. Nevertheless, the response
of the simulation showed good correlation with experimetanl data, and tubes’ crushing
process and failure mechanisms as shown in Figs. 12, 13, and 14.
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Fig. 10 Experimental and numerical comparison for force—displacement results — B30 Specimen
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Fig. 11 Experimental and numerical comparison for force—displacement results — 4T60 Specimen

4 Development of Trigger Mechanisms
4.1 Bevelled Trigger

Once the accuracy of the model is examined, it was used to numerically assess new designs
based on the tested specimens but with modified geometries. Two different tubes with
chamfers at 15° and 45° were modelled and simulated (models B15 and B45 respectively).
Figure 15 includes the range of all the studied beveled tubes.

Figures 16 and 17 indicate the visual results of the crushing tubes. These are very
similar to previous simulations, being the B45 failure the most rounded and symmetri-
cal bevelled result so far. Regarding the force response, the trend across the four differ-
ent bevelled tubes is quite stable, and the biggest difference appears in the peak force
duration and shape produced by the mentioned initial contact gap effect. Because the
bevel trigger was represented by a height offset between the two shells, there is a con-
tact lag at the early stages of the impact event. This explains the difference in the load-
ing stage. Nevertheless, the root of the trend in Fmax is different. The flatter angles
represent a hard surface for the impactor to impact against, hence the increase in Fmax
from B30 to B45 and B60. However, it is thought that because the B15 was too sharp,

Table 3 Summary of experimental and numerical results

Fmax (kN) Fm (kN) Disp. (mm) SAE (kJ/kg) CFE (%) SE (%)

B60 Test 89 29 35 38 32 23
B60 Model 87 32 31 42 37 21
B30 Test 72 31 32 40 43 22
B30 Model 64 32 31 43 50 20
4T60 Test 33 17 58 37 52 38
4T60 Model 33 17 58 36 51 39
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Fig. 12 B60 specimen. Comparison between macroscopic experimental (top view (a), overview (c¢)) and
numerical results (top view (b), overview (d))

the initial response was weaker leading to its failure and resulting in a flatter surface
(hence high Fmax). Results are stable in crushing force too, revealing that all the tubes
failed similarly. Table 4 together with Fig. 18 compares the performance of numerical
results. Again, it is clear that all the mean forces are very similar, which produces also
similar results in a maximum displacement. However, already in these two parameters,
model B45 presents slightly improved results compared to B30 (best specimen from
the experimental stage). Further comparisons depict how both SAE and CFE present
higher results for the intermediate values of the chamfer angle (30° and 45°). This trend
is opposite to the maximum force results, as the highest values belong to the 15° and
60° bevels. Thus, the results point towards B45 as an optimal solution within the bevel
trigger. This model exhibited the highest SEA and CFE as well as the lowest peak load.
Compared to the numerical results from the B30 model, B45 presented a 2.1% improve-
ment in SEA and a 7.6% reduction in peak force.
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C

d

Fig. 13 B30 specimen. Comparison between macroscopic experimental (top view (a), overview (c¢)) and
numerical results (top view (b), overview (d))

4.2 Tulip Trigger

To further investigate the tulip trigger, two techniques were numerically assessed aiming
to rise the loading stage of the force response; therefore increasing mean force. From the
4T60 model as a baseline, firstly, tip angle was increased from 60° to 90° (model 4T90).
Secondly, the number of tips was incremented from four to six (model 6T60). Finally, a
model combining these two solutions was tested to see the interaction (model 6T90). Fig-
ure 19 collects the trigger detail of all four tulip models investigated.

The numerical force—displacement responses (Fig. 20). clearly indicate that the increase
in angle is translated in a stiffer loading phase for the fact of having a larger amount of
material against the impactor. Furthermore, as the tips get shorter, the tube full-section
crushing occurs earlier, which increases the mean force thus reducing the maximum
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Fig. 14 4T60 specimen. Comparison between macroscopic experimental (top view (a), overview (c)) and
numerical results (top view (b), overview (d))

Fig. 15 Bevel tube models. Side
view. B15 (a), B30 (b), B45 (¢)
and B60 (d)
-
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d

Fig. 16 Macroscopic results of B15 (overview (a) and top view (c¢)) and B45 (overview (b) and top view
(d)) models

displacement. These two effects were the ones aimed in order to enhance performance of
these triggered tubes. However, during crushing process, the outer tips torn off and folded
inwards so results might be affected by this difference in the progressive crushing process
(see Fig. 22).

Figure 21 shows the effect of the number of tips. The improvement is clear and can
be observed in the shorter displacement, which is interpreted in a higher mean force.
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Fig. 17 Numerical comparison of Bevel trigger mechanisms
Table 4 Performance results of bevel trigger models
Fmax (kN) Fm (kN) Disp. (mm) SAE (kJ/kg) CFE (%) CE (%)
B15 Model 81 31 32 41 39 21
B30 Model 64 32 31 43 51 21
B45 Model 59 33 31 44 56 20
B60 Model 87 33 31 43 37 21
100.0
90.0
80.0
70.0
60.0
50.0
40.0
30.0
20.0
10.0
0.0

Fig. 18 Comparison of the results of bevel trigger models

Fmax (kN)

B15 Model

Fm (kN)

d (mm)

& B30 Model

SAE (kJ/kg)

5 B45 Model

CFE (%)

3 B60 Model

CE (%)

The curve depicts that there is a small effect on the loading stage; therefore, the impact
of the number of tips is mainly reflected in the anticipation of the tubes full section
crushing process. Also, Fig. 22 demonstrates that the tube failed in a very stable way,
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A

m

Fig. 19 Tulip tube models. Side view. 4T60 (a), 4T90 (b), 6T60 (c) and 6T90 (d)

which caused the most rounded and symmetrical post-failure section. This can reveal that
increasing the number of tips produces an improvement in the stability of the failure.

The results from the 6T90 model confirm that the effect of increasing the number of
tips affects mainly to the tube’s full-section crushing starting point and not to the slope at
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__ 300
=
< 25.0 /\/
©
£ 20.0
o
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Displacement (m)
4T60 Model 4T90 Model 4760 Tips length 4T90 Tips length

Fig. 20 Force—displacement responses of 4T60 and 4T90 models — Tulip angle effect
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Fig. 21 Effect of tip numbers on force—displacement responses of 6T60 and 6T60 models

Fig. 22 Macroscopic results of 4T90 (overview (a) and top view (¢)) and 6T60 (overview (b) and top view
(d)) models
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Fig. 23 Performance comparison of the tulip trigger mechanisms

the loading stage. The post-failure shape is shown in Fig. 25 and it is confirmed that the
failure becomes more stable when the number of tips increases. The performance param-
eters of all the tulip models are collected in Fig. 23 and Table 5. For the comparisons, the
baseline model 4T60 has been used as a reference. It is important to remark that, since the
4T90 design involved a certain failure instability, results might be affected and were not
considered as comparable for the analysis. Therefore, the angle effect was assessed through
the models 6T60 and 6T90 whereas the number of tips effect was analysed using the mod-
els 4T60 and 6T60. The performance parameters confirmed that enlarging the tip angle
produces higher benefits than increasing the number of tips in the tube. In this regard, the
increase of angle provides a 22% increase in mean force whereas this improvement is 14%
due to the increase of tip numbers. The SEA is only sensitive to the tip angle, which repre-
sents an increase of 8.5% from 6T60 to 6T90 model.

Overall, numerical results showed that the 6T90 configuration effectively produced an
improvement of crashworthy parameters compared to all previous tulip tubes. This solution
leads to a SEA of 39 kJ/kg, close the results exhibited from the bevelled triggers, 43 kJ/kg,
but bringing the soft loading benefit and producing an improvement of 8.8% compared to
the baseline, 4T60 tulip model (Fig. 24). Moreover, 4T90 model showed certain instabil-
ity leading to tearing of one of the tips while 6T90 presented a rounded and symmetrical
crushed shape (see Figs. 22 and 25).

Table 5 Performance results of Tulip trigger models

Fmax (kN) Fm (kN) Disp. (mm) SAE (kJ/kg) CFE (%) CE (%)

4T60 Model 34 17 58 36 51 39
4T90 Model 38 23 44 43 60 29
6T60 Model 39 20 51 36 49 34
6T90 Model 37 24 42 39 64 28
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Fig. 24 Comparison of force—displacement of tulip trigger mechanisms

Fig. 25 Numerical results of
6T90 model a overview and
b top view

5 Conclusions

All the results provided in Fig. 26 give an overview of the main differences between the bevel
and tulip trigger mechanisms. Our results show that, in some cases bevelled tubes produced
peak loads double in value compared to tulip type tubes. Also, despite all crushing forces were
similar, tulip tubes decreased the mean crushing force for 36% compared to the bevel trigger
models, which is remarkably resulted in higher values of displacement for the tulip ended tubes.
Both the CFE and SE are higher for the tulip triggers whereas the SEA from the bevels and
particularly at 45° showed the highest values in all cases in this paper. Finally, Fig. 27 includes
all the force—displacement responses, which are obtained from numerical study. The developed
tulip trigger mechanisms indicated a significant change of crushing force history, which results
in improvement of crashworthiness parameters. Among these, it was seen how increasing the
tips angle is more effective than increasing the number of tips in order to enhance the crushing
mean force. However, tubes with a larger amount of tips failed in a more stable way. Therefore,
a solution combining these two upgrades was proposed as an optimum solution with a SAE
close to the bevel tubes and the benefit of avoiding high initial peak loads during a crash event.
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