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Abstract

Crashworthiness of composite structures is
of significant interest to manufacturers and
operators as  composites become more
commonly used in automobiles and aircraft.
Experimental  crush  testing remains an
important tool in the design of subfloor fuselage
structures for crashworthiness, as numerical
simulations are still largely unable to
accurately predict the crushing response of
complex composite structures. In this paper,
dynamic and quasi-static crush testing of
carbon-fibre/epoxy specimens representative of
elements in an energy-absorbing subfloor
structure is reported. The elements were
assembled using different joining methods, and
the crush performance and fracture behaviour
of the various designs are compared. Co-curing
or co-bonding the element in one piece was
shown to be the best design for maximising
energy absorption, however the performance
difference between all designs was narrower
under dynamic conditions.

1 Introduction

Since the 1970’s there has been considerable
interest in the crashworthiness of composite
materials, driven mainly by the increasing use
of these materials in automobiles and aircraft. It
is desirable from a crashworthiness perspective
for designated areas of structures to fail in a
progressive manner, thereby reducing the
maximum acceleration on occupants so as to
eliminate injuries and fatalities in relatively
mild impacts, and minimise them in all severe
but survivable accidents [1].

Failure by progressive crushing differs
from catastrophic failure modes in that a stable
region of failure exists over which the crushing
load is approximately constant. Progressive
failure of composites is usually achieved by
applying a compressive load to a suitably-
triggered component. Triggering generally
involves a geometric gradient feature in the
component which causes locally high stress
relative to the rest of the part. The high local
stress initiates microfracture in the triggered
region [2], which progresses through the
gradient feature, and eventually forms a stable
crush zone.

Much work has been performed on the
static and dynamic axial crushing of open and
closed sections made from composite materials,
such as in [3-15]. These studies have focused on
the effect of matrix and fibre properties,
geometry, loading rates and triggering
mechanisms. Farley [16] described three main
progressive  failure modes, these being
transverse shearing, lamina bending and local
buckling. The first two of these failure modes
have become more commonly referred to as
fragmentation and splaying modes respectively
[2, 7, 12, 17] and are typically observed in
brittle fibre-reinforced materials.

While full scale testing of fuselage or sub-
floor sections is often undertaken, such as in
[18-21], it is expensive and time consuming.
Alternatively, elements of a structure such as
sections of beams or intersections of
components can be tested. The importance of
joints between sections in subfloor structures
(i.e. structural ‘hardpoints’) in the overall crash
response of aircraft or rotorcraft fuselages is
well known to researchers who have



investigated sub-elements such as cruciform
joints [21-23]. This current work sought to
characterise the specific role of different
assembly methods by isolating the joint in a
relatively simple structure.

Previous testing [24] has investigated the
quasi-static crush response of specimens
designed by the Deutsches Zentrum fiir Luft-
und Raumfahrt (DLR; German Aerospace
Centre). This work extends previous studies by
incorporating assembly details, such as
bondlines and fastener rows, into the crush
specimen. These specimens, made by joining
modified DLR crush segments back-to-back or
to a flat plate, have been tested quasi-statically
and dynamically. Of specific interest is the
effect of assembly method on energy
absorption, as well as the relative dynamic
versus quasi-static crush performance. The
combined response of these elements in
comparison to the single DLR crush segments is
also examined.

2 Experimental Method

2.1 Manufacture of Elements

Crush specimens were manufactured from
MTM44-1FR  four-harness  (4HS)  and
unidirectional (UNI) weave, 180°C cure,
carbon-fibre  pre-preg  manufactured by
Advanced Composites Group (ACG). Two
different geometries of closed section elements
were produced; back to back DLR sections
(DLR-DLR) and DLR to Flat Plate sections
(DLR-FP), shown in Figs. 1 and 2 respectively.
A chamfer was machined into the top edge of all
specimens to promote stable progressive
crushing. Four different manufacturing methods
were used to form the closed sections:

1. Co-curing the entire specimen in one cycle
(referred to as Co-Cured (CC)).

2. Co-curing the entire specimen in one cycle
with the addition of a 150 gsm FM300M
film adhesive at the mid-plane (referred to
as Co-Cured with Adhesive (CCA)).

3. Curing the two halves of the specimen
separately, then bonding and fastening the
two halves together using Hysol 9309 NA
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epoxy adhesive and CherryLock 1/8” rivets
(referred to as Fasten-Bonded (FB)).

4. Curing the two halves of the specimen
separately, with a proprietary thermoplastic
film co-cured onto the surfaces to be
joined, then welding the two halves
together through these surfaces using heat
and pressure. The joining process is known
as Thermoset Composite Welding (TCW)
[25] and is the subject of a number of
patents and patent applications held by
CRC-ACS.
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Fig. 2. DLR — FP specimen cross-section

Fig. 3. Manufactured specimens
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2.2 Test Method

Quasi-static testing was performed in an Instron
universal test machine at 5 mm/min for the first
20 mm of crush displacement, then 20 mm/min
to the final crush distance of 50 mm.

Dynamic testing was performed in an
Instron VHS 20/100 high strain rate test
machine, with an impact velocity of 8.5 m/s and
a total crush distance of 50 mm.

3 Results and Discussion

A list of all the specimens produced and tested
both quasi-statically (QS) and dynamically
(DY) is provided in Table 1. Stable, progressive
crushing was initiated and sustained in all
specimens. The typical quasi-static and dynamic
load — displacement response observed is shown
in Fig. 4. Dynamic testing regimes produced a
lower and more stochastic load response than
quasi-static tests of equivalent specimens.

Table 1. Test Matrix

Joint | Specimen Material e
Type | Geometry [Lay-up] Ui
QS | DY

FB DLR-DLR | 4HS [0/90],5 2 2
FB DLR-FP 4HS [0/90],5 2 2
FB DLR-DLR | 4HS [+45/-45],5 | 2

FB DLR-FP 4HS [+45/-45],5 | 2 -
FB DLR-DLR | UNI [0/90]55 2 -
FB DLR-FP UNI [0/90]5s 2 -
CC DLR-DLR | 4HS [0/90],s 2 1
CC DLR-FP 4HS [0/90],5 2 1
CCA | DLR-DLR | 4HS [0/90]5 2 1
CCA | DLR-FP 4HS [0/90],5 2 1
TCW | DLR-DLR | 4HS [0/90]s 1 1
TCW | DLR-FP 4HS [0/90],5 1 1

Total energy absorption was calculated by
integrating the test data for the entire test period
(0 to ~50 mm displacement). This was then
divided by the weight of the crushed portion of
the specimen to give the Specific Energy
Absorption (SEA) for each test. The weight of
the crushed portion of specimen was calculated
by multiplying the total crush distance by the
mass per length of each specimen which was
determined from pre-test measurements. Steady
State Crush Force (SSCF) was calculated as the

mean load for the test period from 3 mm vertical
displacement to the end of the test. Steady State
Crush Stress (SSCS) for a given test was
calculated as the SSCF divided by the measured
pre-test cross-sectional area, and is a useful
means of comparing specimens with different
numbers of plies.
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3.1 Quasi-Static Testing

Steady state crushing was obtained for all
specimens tested quasi-statically. Specimens
failed in the splaying failure mode where axial
splitting occurs, forming fronds of crushed
material which splay outwards and inwards at
the crushing surface. A debris wedge forms at
the laminate mid-plane which is driven down as
the crush front progresses, causing an axial
crack which progresses a certain distance ahead
of the crushing surface. Pictures of typical 4HS
[0/90],s DLR-DLR and DLR-FP specimens
(respectively) after crushing are provided in
Figs. 7 and 8. Note that, around the curved
section of the specimens, fronds have formed
through splitting of the laminate at the mid-
plane. However where the two flanges meet, the
splitting changes such that the two specimen
halves have split to form the fronds. For the
DLR-FP specimens, the ‘flat plate’ section of
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the specimen crushed progressively outwards as
one large piece.

The failure mode of the 4HS [+45/-45]s
specimens was different to that described above.
The angled orthotropic lay-up prevented the
axial splitting forming to the same degree, and
although crushed material was bent over at the
crushing surface, fronds did not form to the
same extent (see Fig. 9). This also resulted in
larger sections of the laminate being separated
from the specimen through cracking along the
45° axis, thus not being completely crushed.

The failure mode of the UNI [0/90]ss
specimens was also markedly different. The
specimens still failed in splaying mode as the
4HS specimens did, with the unidirectional
hoop (90°) plies fracturing and axial splitting
occurring to form fronds mainly comprising
fractured 0° plies. When the crushing platen was
raised after each test these fronds sprang back
up (see Fig. 10 and 11) much more than those in
the 4HS specimens, suggesting that less fibre
breakage had occurred.

A summary of the quasi-static test results
can be found in Table 2. As expected the DLR-
DLR sections typically showed higher crush
loads (average 27%) and higher SEA (average
20%) than the DLR-FP sections for comparable
lay-ups and joint types. The less than desirable
failure mode of the 4HS [+45/-45],s specimens
was reflected in lower crushing load and SEA.
Specific performance (i.e. SSCS and SEA) of
the UNI [0/90]ss specimens was lower than the
4HS [0/90],s specimens, suggesting that
although both configurations had orthotropic
lay-up and same fibres and resin, the
unidirectional plies are less efficient at
absorbing energy than the woven 4HS ones.

As can be seen in Table 2, the FB joined
sections had the highest crush loads, followed
by the CC and CCA sections (which showed
very similar performance) and finally the TCW
sections. However, in terms of specific
performance (i.e. SSCS and SEA) the CC and
CCA sections showed the best performance
followed by the FB and TCW sections. The
weight of the fasteners and slightly higher cured
ply thickness of the FB specimens were the
reasons for the drop in performance when
considering the specific parameters.
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3.2 Dynamic Testing

A summary of the dynamic test results are
shown in Table 3. The dynamically-tested 4HS
[0/90],s specimens failed in a similar manner to
those tested quasi-statically, i.e. more debris
was ejected from the specimen during the test.
However the final crushed specimen still
exhibited the same evidence of the splaying
failure mode (i.e. fronds and debris wedge, see
Figs. 12 to 14). It is unclear whether the failure
mode is the same for the duration of the
dynamic test, due to the large amount of debris
ejected obscuring the view of the high speed
camera. So it is possible that the specimen is
initially failing in the fragmentation mode
before changing to the splaying mode as the
velocity decreases towards the end of the test.

In a reversal of the quasi-static trend, the
TCW specimens had the highest SEA when
comparing the average of the DLR-DLR and
DLR-FP configurations for each assembly type.
That the TCW specimens had significantly
smaller reductions in crushing loads and SEA
between quasi-static and dynamic test
conditions suggests that the TCW interface has
relatively higher Mode I fracture properties at
higher strain rates compared to the other joint
interfaces. With the other specimens (FB, CC
and CCA types) the reduction in SEA was in the
range 25% — 29% for the DLR-DLR type, an
interestingly higher knockdown than the range
21% — 23% observed for the DLR-FP group.

3.3 Analysis of Segment Contributions

The breakdown of the different segments of the
DLR-DLR and DLR-FP specimens is shown in
Fig. 5. Standard DLR crush segments comprise
just the curved ‘omega’ shaped section of the
closed elements. Quasi-static crush tests of these
segments were performed, using the same
material and lay-up of the closed sections.

It was therefore possible to analyse the
contributions of the different segments of the
combined specimens with respect to the single
DLR geometry. Firstly the crush results of the
standard DLR segments were subtracted from
the DLR-DLR results to give the predicted
contribution of the flange sections of these
elements. Secondly, using this predicted flange
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contribution and the single DLR results, the
theoretical contribution of the flat-plate section
of the DLR-FP specimens could be calculated.
A summary of these theoretical predictions
(in terms of SSCF) is shown in Fig. 15. For the
DLR-DLR specimens, the DLR segments are
contributing between 58% and 80% of each
specimen’s total crushing load. For the DLR-FP
the DLR segments contribute between 35% and
58% and the FP section between 3% and 30%.
The analysis of the DLR-FP specimens assumes
that the contribution of the flange is the same as
that from the equivalent DLR-DLR specimen.
Thus, this analysis does not take into account
the fact that the interaction between the flanges
and the central portion of the specimen is
different between the DLR-DLR and DLR-FP
geometries, and hence may be tenuous.

DLR-DLR DLR-FP

i DLR segment
i Flange
I Flatplate

Fig. 5. Segments of specimens

3.4 Effect of Joint on Crush Performance

When considering all the DLR-DLR 4HS
[0/90],s specimens as a group to compare the
joint crush performance, the FB specimens
consistently sustained a higher crushing load
than the other assembly types. However, with
the weight of the fasteners included in the
specimen mass, the SEA of these specimens
was lower than the CC and CCA types. The CC
and CCA assembly techniques are closely
related, and wunsurprisingly produced very
similar results to each other under quasi-static
and dynamic conditions.

Strain rate can influence the fracture
toughness of carbon-epoxy, adhesives and
thermoplastics, e.g. [26-29]. However, it is
difficult to draw definitive trends from the

literature because the results are sensitive to
particular material properties and the strain rates
used in the tests.

Fig. 6 shows the reduction in SEA for
quasi-static to dynamic conditions. Quasi-static
and dynamic testing of standard DLR specimens
using the same material revealed a SEA
decrease of 15%. This is compared to a quasi-
static to dynamic reduction in SEA for the
DLR-DLR specimens of between 20% to 29%,
implying that the crushing of the flange material
and Mode-I splitting of the assembly interface is
relatively less efficient under dynamic
conditions.

The TCW assembly technique performed
relatively much better under dynamic conditions
compared to the other joint types. Under
dynamic testing the crush load was
approximately equivalent to both the CC and
CCA techniques, with the SEA being only 3%
lower. This is compared to the quasi-static tests
where it was down 14% and 16% respectively
in both measures.

Although only a limited number of
specimens have been tested, it can be concluded
that the CC, CCA and TCW methods all offer
very similar dynamic SEA performance; a
critical design parameter for crashworthy
aeronautical structures. Using the current data, a
final decision between these three assembly
techniques could be based more upon
manufacturing and assembly costs.

110

100 o
5 &
£ 90 .
< N
I s0
N \
70 \:
60

Quasi-Static

—e—DLR-DLR FB —=— DLR-DLR CC
—A— DLR-DLR CCA —e— DLR-DLR TCW
—%— Std DLR (for comparison)

Dynamic

Fig. 6. Quasi-static to dynamic SEA reduction



A. Jackson, M. David, A.J. Gunnion, D. Kelly and S. Dutton

Fig. 12. FB 4HS [0/90],s (DY), (L) DLR-DLR,
(R) DLR-FP

Fig. 9. FB 4HS [+45],5 (QS), (L) DLR-DLR,
(R) DLR-FP

Fig. 13. CCA 4HS [0/90],s (DY), (L) DLR-
DLR, (R) DLR-FP

Fig. 10. FB DLR-DLR UNI [0/90]35 (QS)

Fig. 14. TCW 4HS [0/90]s (DY), (L) DLR-
DLR, (R) DLR-FP
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Table 2. Quasi-static test results

Joint Geometry Material Peak load SSCF SSCS SEA
Type [Lay-up] (kN) [range] | (kN) [range] | (MPa) [range] | (kJ/kg) [range]
FB DLR-DLR | 4HS [0/90]2s 107.4 [6.9] 87.7[1.2] 146 [2.1] 83.8 [0.4]
FB DLR-FP 4HS [0/90],s 84.9 [3.2] 63.5[4.9] 128 [10.4] 71.0[1.4]
FB DLR-DLR | 4HS [+45/-45],5 83.2 [4.6] 52.4 [4.6] 88 [7.3] 45.4 [17.0]
FB DLR-FP 4HS [+45/-45],s 71.2 [7.4] 50.1 [0.3] 102 [1.6] 55.8 [0.6]
FB DLR-DLR | UNI[0/90]3s 99.4 [4.0] 81.0 [0.5] 126 [0.9] 75.30.3]
FB DLR-FP UNI [0/90]5s 79.4 [14.8] 59.0 [3.1] 110 [4.1] 59.4 [6.1]
CcC DLR-DLR | 4HS [0/90]s 88.5[3.9] 80.2 [3.7] 157 [11.7] 99.4 [3.3]
CcC DLR-FP 4HS [0/90],s 75.2 [6.6] 60.1 [0.2] 134 [0.4] 75.7 [0.9]
CCA | DLR-DLR | 4HS [0/90],s 84.4 [0.4] 77.8[1.5] 156 [5.1] 95.3 [2.3]
CCA | DLR-FP 4HS [0/90],s 79.5 [4.8] 60.3 [5.3] 140 [11.1] 75.4 [2.0]
TCW | DLR-DLR | 4HS [0/90],s 75.8 [N/A] 67.5 [N/A] 147 [N/A] 85.7 [N/A]
TCW | DLR-FP 4HS [0/90],s 58.8 [N/A] 47.1 [N/A] 110 [N/A] 69.7 [N/A]

Table 3. Dynamic test results

Joint Material | Feakload | goor (kN) [range] (s“:f;

Geometry ) (kN) :
Type [Lay-up] [range] (reduction from QS) [range]

SEA (kJ/kg) [range]
(reduction from QS)

FB DLR-DLR | 4HS [0/90],s | 90.8 [3.4] 64.0 [1.1] (27.1%) 127 [2.3] 62.9 [1.1] (25.0%

~ [ ~—

FB | DLR-FP | 4HS [0/90],s | 78.5[10.6] | 48.1[1.6] (24.3%) | 109[3.7] | 56.0[0.9] (21.1%

CC | DLR-DLR | 4HS[0/90],s | 76.2 [N/A] | 56.4 [N/A] (29.6%) | 109 [N/A] | 70.6 [N/A] (28.9%

CC DLR-FP 4HS [0/90],s | 75.0 [N/A] | 42.7 [N/A] (28.9% 95 [N/A] 58.5 [N/A] (22.8%

CCA | DLR-DLR | 4HS [0/90],s | 88.5 [N/A] | 57.6 [N/A] (25.9% 115 [N/A] | 71.0 [N/A] (25.5%

CCA | DLR-FP | 4HS[0/90],s | 76.3 [N/A] | 44.1[N/A](26.9%) | 99[N/A] | 58.7 [N/A] (22.1%

)
)
)
TCW | DLR-DLR | 4HS [0/90],s | 85.1 [N/A] | 56.2 [N/A] (16.9%) | 121 [N/A] | 68.6 [N/A] (20.0%

~— |~ |~ |~ [~ |~

TCW | DLR-FP | 4HS[0/90],s | 63.1 [N/A] | 43.0 [N/A] (8.7%) | 107 [N/A] | 62.6 [N/A] (10.1%
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Fig. 15. Contributions of specimen features to overall crush load (quasi-static)



4 Conclusions

Dynamic and quasi-static crush testing has been
undertaken of carbon-fibre/epoxy specimens
representative of elements in a crashworthy,
energy-absorbing subfloor structure. Two
specimen geometries were tested, and all were
assembled using different joining methods;
fastening and bonding, co-curing, co-bonding
and TCW.

The DLR-DLR geometry performed much
better than DLR-FP geometry in all cases. For
the design of similar features in an energy-
absorbing structure, wusing symmetry and
avoiding flat sections in planes perpendicular to
the crushing direction would be recommended.
The latter appear to crush less efficiently than
curved sections.

A reduction in SEA of between 10% and
30% from quasi-static to dynamic loading was
seen across all cases. The TCW joined
specimens showed the smallest reduction in
performance between the two loading cases.

If a high crush load is desirable, then
fastening and bonding of components could
provide the best solution. However, specific
performance is a more relevant indicator for
energy absorbing structures in aeronautical
design, and the CC, CCA and TCW assembly
techniques all showed very similar dynamic
SEA, and the choice between the three methods
could come down to other variables such as
manufacturing and assembly costs.
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