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ABSTRACT
The purpose of this study is to complete a previous quasi-static experimental campaign on the energy
absorption performance of composite tubes with the influence of the dynamic effect. Various hybrid
composite tubes, involving unidirectional and braided plies with various materials and stacking
sequences, were tested both in quasi-static and in dynamic crushing in order to identify their behavior
and determine their absorbing capabilities using the Specific Energy Absorption. In dynamic loading,
90�-oriented fibers stabilised by woven plies showed good performances, contrary to static loading,
since the energy absorption of the unidirectional laminate oriented at 0� drops by 50% in dynamics.
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1. Introduction

Performances of shock absorbers are of paramount import-
ance [1–3], as human tolerance and crash survivability are
utterly dependent on the energy absorbing parts positioned
within the transportation structure. The purpose of those
parts is to reduce the loads or accelerations induced during
the crash by absorbing the crash energy. In homogeneous
metal systems, energy is absorbed by plastic dissipation, and
optimization of shock absorbers requires to ‘trigger’ local
modes of deformations, for instance by weakening some
zones by groove patterns [4] or using sine shaped structures
[5]. In composite structures, triggering of local modes of
deformation is inherent to the material inhomogeneity and
optimization of the energy dissipation needs to capture the
good rupture mechanisms. Many studies regarding compos-
ite structures crashworthiness and inherent energy absorp-
tion capabilities have been carried out under quasi-static
loading conditions. However to fully apprehend the crash
aspect, automobile impact and aircraft crash must be con-
sidered as dynamic events, thus involving high velocity [1].

Composite materials are perceived as potential compo-
nent for high energy absorption due to their low density
combined with strong mechanical properties. Their ability
to dissipate energy is mainly due to the highly dissipative
rupture mechanisms involved during the severe solicitations
[6–9] underwent in crushing. Successive stages of progres-
sive crushing of a composite tube have been well identified
[10–12] in quasi-static loading, see Figure 1: elastic loading
(a), rupture initiation at peak loading (b) followed by a sud-
den load drop (c, d) and a constant plateau (e, f) named
progressive crushing plateau. During a progressive crushing
mode (see Figure 2 from [10]), rupture mechanisms at the

structural scale may be summed up into three types: (i)
splaying, (ii) fragmentation and (iii) debris creation and
accumulation [10,13,14]. Predominant rupture that leads to
the structure yielding and energy dissipation includes quasi-
brittle fracture and delamination combined with transverse
tearing and kink-band formation [15,16].

Optimization of composite shock absorbers then requires
to investigate the parameters of the composite structure
(materials, stacking sequence and composite nature) and
that of the shock absorber itself (structure shape and dimen-
sions, material orientation to the load, and trigger for
instability initiation). The difficulty lies in two reasons: the
first one is the fact that all these parameters are inter-
dependent, the second is that dynamics is likely to provoke
changes is the deformation and as a consequence in the
absorption performances of the structures.

The following main tendencies tend to stand out in
quasi-statics, see the review by Mamalis et al. [9], but
dynamic aspects still raise some discussions in the scien-
tific community:

� In the field of shock absorption, tubular structures with
various cross-sections have received particular attention.
Most studies find the energy absorption capability of
squared tubular structures to be 0.5 times lower than
that of circular ones under axial crushing. Thornton
et al. [17] stated that the specific energy absorption of
fabric lay-up tubes increases in the following order for a
given size: rectangular< square< round. In case of tubu-
lar structure, the tube thickness [18–23], or the diameter
to thickness ratio [22,24,25] have also been investigated.
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� Numerous investigations have been carried out on the
choice of composite materials, mainly FRP [17,24,26]
with a various range of fibers, such as carbon, glass and
aramid, and with various resins. Browne et al. [18]
reported a 20% to 62% increase using unidirectional car-
bon fibers tow with adjacent oriented fabric plies com-
pared to aluminum construction, with an average SEA
value of 32.5 kJ.kg�1. Carbon/PEEK [8,27] and carbon/
epoxy [1,13,14,18,26–43] have been reported as the most
performant materials combination in term of energy
absorption by most of the studies. The effect of the
laminate type, involving either unidirectional plies (UD)
[1,14,28,31,32,39,44], 2D-braidings or 3D-braidings
[13,18,22–47] have also been largely tested. In general, it
was observed that the tri-axially braided architectures

perform better than the bi-axially braided type or
UD type.

� Among others, Chiu et al. [28] proposed some insights
in the rupture initiation of axial crushing of tubes
regarding ply orientation with respect to that of the load.
In the 0� plies, where the majority of loading is borne by
the fibers, the main form of damage is large brittle fiber
breakage along vertical matrix shearing. Conversely, in
the 90� plies, the predominating damage mode is shear
matrix cracking in a direction parallel to the fibers, inci-
dental with limited fibers breakage. The shear cracking is
likely triggered by the compressive loading transverse to
the ply.

� Improving the crushing initiation with specific trigger
systems has been widely attempted in order to favor the

Figure 1. Consecutive crushing stages (adapted from [11]).

Figure 2. Major rupture mechanisms occurring at the crush zone (adapted from [10]).
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desired crushing mode, using different trigger profiles
[43,48], via chamfered or beveled edges
[7,13,14,18,20–42,45,49], and also with the presence of a
plug initiator [13,20,34,38,43,46] to enhance the crush-
ing. Although not always consistent in terms of SEA lev-
els being reached, all studies concur in finding a strong
plug-initiator influence on the crushing performances,
what usually corresponds to a SEA decrease in the pres-
ence of a plug initiator. Chamfered-edge tubes produced
the best results in term of initiation and energy absorb-
ing capacity according to Brighton et al. [13], but the use
of a plug initiator tremendously reduced the SEA
[13,46]. Furthermore, regarding the size, tallest plugs
most reduced the SEA capacity according to [13].
Moreover, concerning such plug initiator triggers, it has
been reported that the plug radius has a strong effect,
with an energy absorption capability that decreases all
the more as the radius is important [13,20] compared to
none radius plug. The SEA level has been found to dras-
tically decrease with the increase of the plug size (see
Table 2).

It is important to stress the influence of dynamics.
Although there is not always a clear consensus whether
dynamics change the deformation mode, almost every
instance from the literature reports a strong to moderate
decrease in energy absorption capacity from quasi-static to
dynamic loading for fiber-reinforced composite materials
(see Table 1). Contrary to other results in literature,
Muralikannan et al. [22] reported that the basic modes of
deformation for tubular structures are the same for both
quasi static and dynamic loading. For Brighton et al. [13]
SEA values of carbon/epoxy tubes decreased for increased
testing speed, specifying that the 45� chamfer carbon/epoxy
tests showed the highest SEA and the least dependence on
loading speed [13]. A notable decrease was also observed by
McGregor et al. [46] in dynamic loading when using a plug
initiation form. Numerous studies focused on the strain rate
or velocity effect [1,7,13,17–29,31,39,41,42,45–47] with many
performing a quasi-static/dynamic comparisons
[7,13,19,21–42,46,47,49]. Most studies concurred and high-
lighted a velocity dependence, finding a moderate to sub-
stantial decrease in SEA values from quasi-static to dynamic
loading [13,19,22,23,27,33,39,42,46], with a 12 to 33%
decrease on average. Some examples are reported and syn-
thetised in Tables 1–3.

Focusing on the material type, Schmueser and Wickliffe
[19] reported a decrease in energy absorption of dynamic
impacted carbon/epoxy, glass/epoxy and kevlar/epoxy tubes as
compared to quasi-static loading. With the ply orientation
taken into account, Farley [31] found no difference between
low and high velocity, reporting that specific energy absorption
is independent of crushing speed for 0�þoriented structures
(labelled [0�±h]). However, the author remarked an increase in
energy-absorption capability for pure [±h] structure, reporting
the magnitude change to be a function of the ply orientation
(±45� and ±75� in his study). David et al. [39] found similar
results for pure [±h] structure (at ±45�) hence joining Farley

[31] on crushing speed and orientation dependence. Schutlz
et al. [33] however, despite reporting a clear energy absorption
drop between dynamic and static testing, reported only a very
slight but not significant nor constant lay-up and fibers orien-
tation influence. The effect of fibers orientation and the pres-
ence of 0� unidirectional plies in the lay-up structure appeared
to have a limited influence since reported performances are
not repeatable from one sample type to another and the effect
of unidirectional plies is not observable on some samples.

Table 3 reports synthetised results from previous studies on
the influence of fibers orientation and structural lay-up on the
SEA values between quasi-static and dynamic loading.

When so many parameters are found to have a strong
influence, and no clear conclusions can be drawn from lit-
erature review, numerical modeling may be a valuable solu-
tion to optimise the parameters. However dealing with such
complex damaged mechanisms encountered in axial crush-
ing of tubes is not straight forward as it requires experi-
ments for model calibration. The current paper aims at
comparing the results in energy absorption capability of
hybrid composite circular structures with different fibers
orientations and of different natures (UD, woven) using spe-
cific boundary conditions and trigger initiation systems in
both quasi-static and dynamic crushing. Only one impact
velocity is being tested in the present work. The work pre-
sented in this study is a key step toward the development of
robust numerical models.

The paper is organised as follows: Section 2 describes the
materials tested and the experimental set-up and methodol-
ogies. Section 3 presents the experimental results in terms
of peak stress, mean stress and SEA comparisons. Some
conclusions are drawn in Section 4.

2. Experimental testing

2.1. Specimens and materials

A variety of fiber/epoxy tubes were acquired for testing,
with different fibers orientations and fibers types. These
fiber-reinforced tubular structures were studied in axial
compressive crushing, at two different rates, namely quasi-
static and dynamic. In total, five specimens with different
structures and different compositions were tested in various
crushing configurations. Structural and material basis for the

Table 2. Comparison of SEA drops in dynamic crushing due to bound-
ary conditions.

Variation in dynamic loading

Brighton et al. [13] Plug size (height) down to –55%
McGregor et al. [46] Plug initiation from –23% to –32%

Table 1. Variation of SEA values from quasi-static to dynamic crushing.

Variation from quasi-static to dynamic loading

Schmueser and Wickliffe [19] –13%
Mamalis et al. [23] From –11% to –33%
Schultz et al. [33] From –14% to –32%
Brighton et al. [13] From –13% (chamfered) to –20% (with plug)
David et al. [39] –23%
McGregor et al. [46] From –35% (without plug) to –51% (with plug)
Hu et al. [42] From –12% to –32%
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specimens include 12K HR carbon fibers and polymer epoxy
resin. Fibers orientation and laminate stratification differ from
one specimen to another as shown in Figures 3 and 4 and
summarised in Table 4. Provided tubular structures were
machined and shaped in tubes of 100mm length as pictured
in Figure 3. Medium diameter was set at an average of 50mm,
with inner diameter varying from one sample to another due
to stacking differences. Stratification layout and tube wall
thickness are summarised in Table 4 for each sample.

The carbon/epoxy combination was selected with epoxy
resin as a matrix because of its low density and for its high
strength and good mechanical properties with reliable chem-
ical stability, as well as its worthy performance regarding
energy absorption based on the literature review and due to
the aeronautical context.

In order to verify and establish the composition and
stratification of the composite tubes specimens, samples
were polished and observed using a high resolution optical
microscope. Measurements and images acquisitions were
performed using an Alicona Infinite Focus SL microscope
system with a x10 to x50 magnification. Resulting observa-
tions are displayed in Figure 4, along with a lay-up
schematization.

For the laminate lay-up schematization presented in Figure 4,
the 0� direction of the fibers was chosen to coincide with the

longitudinal axis of the tube and subsequently with the axial
crushing direction. Plies dimensions are given as an averaged
best approximation since plies thickness is not even and regular.
That is supposedly the results of the fabrication process.

Table 4 reports the structural specificities and geometrical
properties for the five tube specimens.

Table 4 presents the stratification structure in number of
plies. The ‘individual’ thickness of the plies (or group of
plies) is given in Figure 4.

When looking at the density values from Table 4, it can
be pointed out that they are relatively low for some samples
(sample 1 especially, and to a lesser extent, sample 3). This
is allegedly strongly related to the high porosity observed in
the samples (see Figure 4) and also lower fiber density (or
fraction volume vf) in some areas of the samples.

For the five tubular specimens (and especially for tube
samples 1 and 2) materials and fibers properties are not well
known and identified nor completely mastered. Preliminary
compressive experimental testing shows that fibers mechan-
ical properties are less resistant than usually encountered in
current modern composite materials.

In order to better estimate the mechanical properties of
the materials used to manufacture these samples, and to
correlate the theoretical and experimental stiffness, Classical
Laminate Theory (CLT) was used. Taking a failure criterion

Table 3. Variation of SEA from quasi-static to dynamic for different fibers orientations.

Variation from quasi-static to dynamic loading and dependence on fiber orientation

Farley [31] [0� ± h] No effect [±45�][±75�] þ41% to 61 kJ/kg
David et al. [39] [0/90�] –23% [±45�] þ12% to 77 kJ/kg

Figure 3. Photos and drawing of the five tube specimens with dimensions.
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expressed in fibers compression strain, chosen at efailure ¼
�0.0125 for all the plies, an estimated stress failure value
was calculated for each sample, for the first ply reaching
efailure. For the woven plies of the structures, mechanical
properties were also calculated using the CLT but the
related plies were approximated as two superposed oriented
unidirectional plies of half the thickness. The mechanical
stiffness properties used for the theoretical calculations with

the CLT are reported in Table 5, where El is the longitu-
dinal modulus, Et the transverse modulus, Glt the shear
modulus and mlt Poisson’s ratio. Calculated theoretical values
are reported Table 6.

Table 6 intends a comparison in stiffness and compres-
sive strength failure between experimentally and theoretic-
ally obtained values for all five samples. Both the
experimental and theoretical methods used to achieve those

Figure 4. Microscopic observations of the five specimens section and corresponding schematic representations of the stratification.
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results are presented below. The magnitude referred to as
stiffness (in MPa) relates to the elastic compressive modulus
(Young’s modulus).

When comparing values from the theoretical calculations to
the experimental data (Table 6), the latter reflects lower values
in stress failure, although it can be noted that they remain in
the same order of magnitude. Moreover, the experimental
compressive strength values that are reported in Table 6 are
rather related to a failure in crushing mode than pure com-
pression, which can further explain the observed differences.

Results reported in Table 6 show that the compression
stiffness is lower than anticipated for three of the five CFRP
specimens, especially for specimens 1 and 3. Compression
failure is also lower than estimated, especially for specimens
1 and 2 that incidentally mainly present 0�-oriented fibers.

This supports the hypothesis of poor fibers properties
used to manufacture the tubular specimens, and it can also
be explained by the high porosity inherent to many samples,
as observed on the microscopic images (see Figure 4). This
is also most obvious for tube specimen 1, for which braided
thread remnants from the manufacturing process are visible
too. In addition, experimental compressive failure values
resulting from the performed compression tests could rather
be affected by a bearing phenomenon under the tip of the
plies and resulting from the crushing nature of the solicita-
tion than related to a pure compressive mode, hence the
observed discrepancy in compression strength failure, which
thereafter seems more rational.

2.2. Test set-up and configurations

With the objective of establishing a comparison, both quasi-
static and dynamic testing were carried out for the purpose
of this study.

Quasi-static crushing tests were carried out using a
250 kN Schenck hydraulic testing machine in compression
testing mode, through a constant loading speed of
0.2mm.s�1 (see Figure 5). To account for repeatability, tube
specimens were tested at least 3 to 5 times on average for
each sample and each configuration. More details on experi-
mental testing conditions and results can be found in a
companion paper (see [50]).

Dynamic shock testing trials were carried out using a
drop tower shown in Figure 6. The apparatus pictured in
Figure 7 both allows to easily change configuration and to
protect the sensors in case extra energy needs to be
absorbed. Load and displacement were acquired during test-
ing and trials were monitored using rapid imaging cameras.
To monitor the trials and verify that the velocity did not
intensely decrease during mass dropping due to friction or
out of alignment fall, a high-speed camera FastCam Photron
SA5 was employed to record trials pictures at high speed
with 20 000 FPS.

Specifications for the drop tests were:

� drop mass: 215.5 kg
� drop height: 1.25 m
� corresponding to a theoretical speed at impact of: 4.95

m.s�1, or 2.64 kJ input energy.

Figure 7 presents a detailed schematization of the experi-
mental set-up assembly for the different configurations
tested, corresponding to different boundary conditions and
trigger systems.

In this experimental set-up, a mobile mass is dropped
from a predefined height on a stacking of several compo-
nents. From top to bottom, they consist of the studied
composite tube sample, encased on the top end and posi-
tioned on one of either three different parts (see Figures
6–8), setting the boundary conditions for the trials. Three
load sensors are then equidistantly positioned, in a 120�

triangle shape between two steel reinforced plates. The
sensors are fixed between the plates using through screws
and are slightly pre-stressed. Finally a NomexVR /or alumi-
num honeycomb absorber brick is placed underneath the
assembly in order to dissipate any residual energy that
would not have been absorbed by the composite tubular

Table 4. Tubes specimens stratifications and properties (C: Carbon A: Aramid).

Ply\Tube Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5

1 (inner ply) 0/90� (weave) C 0� C 90� C 90� C 90� C
2 0� C 90� C 90� C 90� C 90� C
3 0� C 90� C 20� C 20� C 20� C
4 0� C 0� C 20� C 20� C 20� C
5 0� C ±37� (weave) C ±30� (weave) C 20� C 20� C
6 0� C 20� C 20� C
7 0� C ±30� (weave) C ±30� (weave) C
8 0� C ±30� (weave) A ±30� (weave) A
9 0� C (30% cover) ±30� (weave) A
10 (outer ply) 0/90� (weave) C (100% cover)

Wall thickness (mm) 2 1.8 1.1 1.85 2.45
Int. diameter (mm) 46 46.5 50 45 45
Ext. diameter (mm) 50 50 52 48.5 49.5
Density (kg/m3) 1.34Eþ 03 1.69Eþ 03 1.43Eþ 03 1.50Eþ 03 1.39Eþ 03

Table 5. Mechanical properties used for the classical laminate theory
calculations.

El (MPa) Et (MPa) Glt (MPa) mlt
Carbon
UD 62,000 7700 4200 0.25
Woven 35,000 35,000 4200 0.05
Aramid
UD 61,000 4200 2900 0.35
Woven 30,000 30,000 2900 0.30
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structure during crushing. Adjustment wedges were used
as drop-mass stops to prevent tubes specimens from
totally collapsing and preserve the integrity of the assem-
bly underneath.

Tubes specimens 1 to 5 were tested in three main con-
figurations denoted by (a), (b) and (c) and detailed in
Figure 8 with a focus on tube 1 and 2 in configuration
(b) and (c), which produced the best results in quasi-
static crushing. Tube specimen 3 was only tested in con-
figuration (a) and (b) and tubes specimens 4 and 5 were
only tested in configuration (a), as a consequence of the
available quantities of materials. To account for the
repeatability, tests were performed one to three times
depending on the configuration and materials (number of
tube specimens) availability.

For the inner conic configuration (c), forcing a compres-
sive hoop strain of -0.015 def, the diameter of the base of
the conic-shaped part (d ext) was made to match the exterior
diameter (Ext. diam.) of the tube. Specifications are reported
in Table 7. The same conic part was used for tube speci-
mens 1 and 2, as they have similar diametric dimension
(especially the exterior diameter). As a reminder, tube speci-
mens 3 to 5 have not been tested in this particular
configuration.

2.3. Post-processing methodology

The beginning of the test is defined at t0 ¼ timpact, the time
when the mobile mass reaches the sample and impacts the
upper part of the experimental configuration clamping
the tubes.

Raw data acquired from the 3 HBM C6A (200 kN) sen-
sors is summed and converted to kN and then filtered in
order to be able to compare dynamic results with quasi-
static results. As an example, Figure 9 presents the stress
and stress-filtered (�) data for tube specimen 1 in inner
crushing configuration (b).

In order to have a better reading of the signal, the force
and stress signals resulting from dynamic trials were filtered
using a time-dependent filter as described below (Equation
(1)):

x �
nþ1 ¼ a x nþ1 þ ð1� aÞ x �

n (1)

with xn value at n of the original signal;
x�n value at n of the filtered signal.

and a ¼ 2 Dt f0 with Dt the time interval between xnþ1 and
xn and f0 a cutoff frequency, taken at 2 kHz.

This cutoff value was chosen in adequacy with the reson-
ance frequency of the sensors (4.5 kHz) and in order to

Figure 5. Quasi-static crushing test set-up and equipment.

Table 6. Stiffness and compressive strength properties for tube specimens 1 to 5.

Experimental Theoretical

Stiffness (MPa) Compressive strength (MPa) Stiffness (MPa) Compressive strength (MPa)

Tube 1 43,700 þ2800 350 þ100 54,200 650
–5200 –139

Tube 2 54300 þ4900 340 þ65 52,100 652
–3100 –102

Tube 3 30,200 þ8700 170 þ47 22,800 265
–8600 –92

Tube 4 27,300 þ6800 180 þ44 24,500 259
–6000 –59

Tube 5 24,700 þ3600 200 þ29 23,600 250
–5400 –41
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obtain trend curves more easily comparable to quasi-static
curves results. Besides providing a clearer signal and
offering a better interpretation, dynamic signals filtering
helps with the comparison between quasi-static and
dynamic testing.

One drawback from filtering, however, is that the filtered
signal is heavily dependent on the filtering parameters. The
overshoot factor, which may be defined by the crushing
stress initial peak maximum value divided by the density
(Equation (2)), is a useful indicator chosen to represent and
compare the overflow of energy. As this factor is uniform to
the SEA (kJ.kg�1) a direct comparison between these two
values is usually possible during a quasi-static approach. In
dynamics, signal filtering strongly interferes with the initial
peak load and therefore any attempt to properly evaluate
the overshoot (see Equation (2)) is improper. As an
example, the filtering influence over the overshoot is clearly
visible and displayed in Figure 9, where both signals are
overlaid.

Figure 6. Photo of the drop tower testing equipment. The zone boxed in blue
shows the sample and the interface parts (see details in Figures 7 and 8).

Figure 7. Dynamic shock testing system configuration (a), (b), (c) (see details in Figure 8).

Figure 8. Experimental testing configurations: free crushing (a), inner crushing
(b), inner conic crushing (c).

Table 7. Inner conic part dimensions for configuration (c).

Tube Specimen 1 Specimen 2

Int. diam. (mm) 46 46.5
Ext. diam. (mm) 50 50
Inner cone (15,000 mdef) Inner cone 1 Inner cone 1
Inner cone Dext (mm) 52 52
Inner cone dext (mm) 49.3 49.3
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overshoot ¼ rmax

q
(2)

2.4. Specific energy absorption and overshoot

One means to characterise and compare the absorbing cap-
ability of materials is through the Specific Energy
Absorption (SEA), also referred to as Specific Sustained
Crush Stress. The SEA value is given by the following equa-
tion (Equation (3)):

SEA ¼ EA
m

¼ 1
q u

ðU
0
r uzð Þduz (3)

with:
EA is the energy absorbed,
m is the mass of the crushed mater,
q is the density of the material,
u is the crushing distance,
r is the compression stress.
As the initial peak quickly drops to a crushing plateau, a

very reliable approximation of the SEA value can be
obtained ‘instantaneously’ using the stabilised crushing
stress rcr (in MPa) divided by the density q of the crushed
material (Equation (4)):

SEA r ! const
rcr

q
(4)

The SEA consideration as a mean to evaluate the energy
dissipated presents the tremendous advantage of easily and
directly comparing different materials energy absorption
capacity as it is directly linked to their crushing perform-
ance and takes into account their inherent density.

In order to quantify the efficiency of a shock absorber,
the load efficiency ratio is often used, and is defined as the
ratio of the plateau crushing force to the initial peak force.
Optimum shock absorber has a ratio of 1 that traduces a
perfect plastic behavior. Another way of estimating the

efficiency of a shock absorber is to use the overshoot (see
Equation (2)) that has the advantage to have the same unit
than SEA. Direct comparison between overshoot and SEA
shows the ‘drop’ in efficiency for a given structure. The
same value for overshoot and SEA is the perfect plastic case
that is the optimal shock absorber.

3. Experimental results

3.1. Crushing stress signal

Similar to what is observed in quasi-static crushing tests, the
stress signal in dynamic loading also decomposes in three
stages: a loading phase ending by the main rupture of the
structure and leading to an initial peak load, a stabilization
phase and a stable crushing phase, as previously reported in
many studies [10,12] and observed in Figures 9 and 10.
Occasionally, if crushing is prolonged long enough, a last
phase known as compaction of debris or densification may
occur, matching an increase of the stress curve at the end.

Figure 10 depicts a typical stress-displacement curve for a
dynamic crushing trial, using tube specimen 1 in configur-
ation (b) (inner crushing) as an example. The stress value
results from the summation of the data acquired by the
three load sensors evenly positioned beneath the tested
structure (see Figure 7). More oscillations are observed in
dynamic loading than in quasi-static (see Figures 10, 13
and 15) because of a shock wave effect, generating a
rebound in the impacted structure as well as back and forth
waves within the drop test system. Also, due to the current
testing configuration, the sensors position is slightly distant
from the impact area, marginally impacting the signal.

Generally, a relatively good repeatability can be noted in
the dynamic testing from one trial to another, especially
considering the dynamic and composite material factors, as
illustrated in Figure 10, with a dispersion range of -24% and
þ35% compared to a medium value, resulting from an aver-
aging of all trials data in this configuration. The dispersion

Figure 9. Stress and stress-filtered (�) curves over displacement (blue and red, respectively) for tube specimen 1 in the inner crushing configuration (b).
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area on this graph is obtained using a superimposition of
the lowest and highest curves results for this trial. Overall,
less than 1% of the total of tested samples has been dis-
carded by being deemed aberrant.

Photographs presented in Figure 11 display a snapshot of
crushed CFRP tubes for samples 1 to 4 in free crushing con-
figuration (configuration (a)) recorded by rapid-imaging cam-
era. Brittle fracture and debris generation are clearly visible

for tube samples 1, 2 and 3, whose reinforcement is consti-
tuted of pure carbon fibers, unlike what can be observed for
tube samples 4 and 5, where the aramid cover acts as a gir-
dle, drawing the shattered composite fronts, resulting in a
close folding and wrapping around itself. This aramid net
therefore helps with debris containment and refrains large
outer spreading. Tube sample 5, although not displayed in
Figure 11, behaves very similarly to tube sample 4.

Figure 10. Stress-displacement curve and dispersion for tube specimen 1 under crushing.

Figure 11. Dynamic crushing of tubes samples 1 to 4 in free-crushing configuration (a).
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During such dynamic crushing tests, i.e. using a mobile
drop mass, the speed of that mobile mass decreases as it
crushes the impacted sample, from contact at timpact to the
end of the test, as can be observed in Figure 12, displaying
the load (blue) registered by the sensors during the crushing
of tube specimen 1 in configuration (b), with the corre-
sponding speed (red) and displacement (grey). The speed of
the drop mass (red) decreases linearly as the displacement
(length of the tube being crushed) increases progressively
(grey). They both end their progression when the mobile
drop mass is stopped by the lateral wedges. The speed pre-
sented in Figure 12 results from a first integration of the

motion equation of the drop mass, and the displacement
from a second integration.

3.2. Crushing stress and testing configurations

This section discusses the stress over density (r/q)
curves for different tubes samples and compares differ-
ent testing configurations in quasi-static and dynamic
loading. Composite crushing in dynamic loading signifi-
cantly reduced the stress generated and thus the SEA
values, compared to quasi-static crushing of the same

Figure 12. Speed, displacement and load versus time for tube specimen 1 under crushing.

Figure 13. Stress over density/displacement curves for tube sample 1 in configurations (b) and (c).
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materials. Examples of dynamic and quasi-static crush-
ing differences are displayed in Figures 13 and 15 for
tubes samples 1 and 2 respectively, in configuration (b)
and (c).

In case of quasi-static inner crushing confinement (b), a
slight but still significant increase of the curve can be noted
towards the end, starting at 40mm. Allegedly, this rise
should even be starting sooner, at about 23mm, distance
corresponding to half the tube interior diameter, when the
wall bottom end meets at the center of the tube (see
Figure 14(b.i)).

This rise is not present for tube specimen 2, the interior
ply of which is not woven. Without this woven inner cover,
it is suspected that the tube interior walls are less guided
and undergo more severe and intense brittle fracture before

meeting and densifying at the center of the tube, as com-
pared to tube 1. In that situation, they conceivably lost most
of their rigidity and post-testing observations showed that
debris were more pushed upwards inside the tube structure
than radially inward (see Figure 14(b.ii)). In this instance,
since the tube interior walls do not meet, no increase of the
stress is observed on the curve, contrary to situation (b.i)
(see Figure 14).

An increase of the stress at the end could be beneficial
and valuable for a surge in the SEA value: the densification
of partially crushed material inside the tubular structure sta-
bilises the crushing process, resulting in an increase of the
mean crushing stress and therefore the SEA. Similarly, this
increase is not seen for either specimens (1 or 2) in quasi-
static for the inner conic crushing, leading to the

Figure 14. Assumed response and path formed by the tube wall under different boundary conditions: (b) inner crushing (i) and (ii), and (c) inner conic crush-
ing (ii).

Figure 15. Stress over density/displacement curves for tube sample 2 in configurations (b) and (c).
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assumption that the slope inclination guides the tubes walls
on the inside more gradually and curves them more sharply
before they meet (see Figure 14(c.ii)).

For quasi-static configuration with a conic initiation (c),
compressive hoop stress is first generated, as the inner
conic-shaped part constrict the extremity of the tubular
structure. Therefore the axial crushing force in the vertical
direction takes longer to apply as the exterior diameter of
the tubular structure slides along the inner conic slope,
before being axially loaded. This setback is incidental to the
height of the conic shape (see Figure 17). This can be seen
in Figures 13, 15 and 16 for configurations (c) at the very
beginning of the curve between 0 and 3mm displacement.

Due to the important change in velocity magnitude and
the dynamic shock resulting from the impact, this delay is
not as clearly observed in dynamic trials (see Figures 13 and
15). However a focus on the beginning of the curves (see
Figure 16) tends to disclose this progressive and gradual sta-
bilization phase for dynamic cases, mixed up with the oscil-
lations of the signal, especially visible for tube sample 2. For
the dynamic tests, this transition phase is almost identical
for inner crushing and inner conic crushing (mainly due to
friction). This observation may be considered with caution
as the filtering is bound to have an impact on the shape of
the final curve. However, the trend is similar when the

cutoff frequency of the filtering is increased, confirming
this assumption.

3.3. Crushing stress

This section relates to the crushing stress of the different
tube specimens in the three tested configurations. It aims at
explaining the overall crushing behavior through the yield
of the structure, given by the crushing peak, and through
the mean crushing stress value, corresponding to the behav-
ior of the specimen in crushing.

Figure 18 presents the crushing peak value in both quasi-
static and dynamic modes for all tubes samples in all config-
urations, with the theoretical compressive strength yielding
limit (as calculated in Table 6) displayed in the background.
Both quasi-static and dynamic crushing peaks in this graph
are expressed in stress level (MPa) for a straightforward
comparison with the compressive stress (rmax).

According to Figure 18, configuration (b) (inner crush-
ing) is the configuration for which tubes samples are closest
to reach their theoretical yielding limit (as can be seen for
tubes samples 2, 3, 4 and 5, but except tube sample 1) and
in a lesser extent, configuration (a) (free crushing) for tubes
sample 3, 4 and 5. In any case, tube sample 1 does not
appear to render its full potential, as it stands at about 50%
below its theoretical compressive strength. Usually, this ini-
tial peak is detrimental, as it introduces a substantial stress
drop that converts in a large energy drop.

When comparing the mean crushing stress for all tubes
samples in all configurations (see Figure 19), the dynamic
effect is clearly visible for tube sample 1, whereas it globally
seems less impacting on other samples. It is strongly sup-
posed that as there are more 0�-oriented fibers present in
those samples, the overall rupture is mainly due to kink-bands
effects, leading to global structure failure. Dynamic effects
must be more significant and have a bigger impact on that
kind of damage in crushing than on sole matrix rupture in
compression. Furthermore, the compressive stress rcrushing for

Figure 16. Zoom of stress over density/displacement curves for tube samples 1 and 2 in configurations (b) and (c).

Figure 17. Inner conic part and initial tube position.
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dynamic loading appears to be higher for samples containing
90�-oriented fibers, than those with mainly 0�-oriented fibers,
confirming the low dependence on rate for matrix rupture.

Tubes specimens 4 and 5, which are partially and totally
covered with an aramid lay-up on the outer surface, per-
form relatively fairly, although the aramid fibers rigidity is
lesser than the carbon fibers. Their core carbon structure
and stratification is very similar to tube specimen 3, which
explains their global similar behavior. The major difference
therefore lies in the thickness of the tube wall, about half
thick for tube specimen 3 compared to other tubes. Tube

samples 4 and 5 have not been tested in dynamic crushing
for configuration (b) and (c), nor has tube sample 3 in con-
figuration (c) due to a lack of samples at the time.

Crushing stress values clearly show that tube specimen 1
performs very poorly in dynamic crushing, compared to
other tubes specimens and also to its own performance in
quasi-static crushing.

Overall, in quasi-static loading, the crushing stress always
averages around 150MPa, which approximately corresponds
to the matrix rupture stress in compression. In dynamic
loading, only tube sample 2 in configuration (a) (free

Figure 18. Crushing stress peak (QS and DYN) for tubes 1–5 in configurations (a), (b) and (c).

Figure 19. Mean crushing stress (QS and DYN) for tubes 1–5 in configurations (a), (b) and (c).
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crushing) reached 150MPa. It can therefore be supposed that
other configurations ((b) and (c)) have created more brutal
ruptures, most particularly due to global and local buckling,
since a pure compressive configuration should produce a
150MPa compressive stress. It can therefore be inferred that
both the inner crushing and inner conic crushing configura-
tions destabilise the crushing in dynamic loading.

3.4. Sea evolution

The following discussion, namely Figures 20, 21 and 22 dis-
playing the SEA evolution with the vertical displacement,
presents results based on actual SEA values, that is to say

calculated using the formula given by Equation (3) and
using non-filtered stress values. As the SEA equation is
based on an integration, it already acts as a filter, hence the
smoothing and difference with the stress/density curves.

The evolution of SEA for tube specimens 1 to 5 in
dynamic configuration (a) is presented in Figure 20. From
this figure, it is obvious that tube specimen 2 surpasses all
other specimens in terms of SEA capacity, despite the fact
that its peak load is initially identical to tube specimen 1.
That latter specimen performs poorly under dynamic load-
ing, collapsing very easily and quickly.

Compared to quasi-statics, in dynamic crushing, the sta-
bilization phase takes longer: while for quasi-static loading 5

Figure 20. SEA-displacement curve in dynamic loading for tubes 1–5 in free crushing configuration (a).

Figure 21. SEA-displacement curve (QS and DYN) for tubes 1–3 in free crushing configuration (a).
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to 10mm are required, in dynamic cases, it takes 15 to
20mm approximately. This, as many aspects observed in
dynamic mode, can be partially explained by the numerous
waves generated during dynamic impact.

For the free crushing (a) and inner crushing (b) configu-
rations, the initial peak is generally higher in dynamics than
in quasi-statics (see Figures 21 and 22). This is particularly
true for both samples with mainly 0�-oriented fibers (sam-
ples 1 and 2), which coincidently have the same peak pro-
file, whether in configuration (a) or (b).

For the inner crushing configuration (configuration (b),
see Figure 22), it seems that the evolution of SEA over dis-
placement tends to decrease at the end of the curves for all
three dynamic crushing and especially for samples 2 and 3.
This does not appear to have any particular reason, a larger
number of tests would be required to confirm or correct
that tendency.

3.5. Sea and quasi-static/dynamic comparison

Figure 23 summarises the SEA values resulting from experi-
mental testing both in quasi-static and dynamic loading
conditions for all three configurations and tube samples 1 to
5 (when available).

Generally SEA values are lower in dynamic crushing than
in quasi-static crushing. This finding has also been largely
reported in previous studies [13,19,23,33,39,42,46]. Overall,
based on values reported in Figure 23, tube specimen 2 per-
forms better in dynamic loading than other tube specimens
for all configurations, only matched by tube specimen 3 in
inner crushing configuration (b) in dynamic loading. This
result is strongly suspected to be the consequence of 90�-
oriented fibers present in the core structure of the tubes
walls. More specifically, tube specimen 2 presents similar
results in dynamic and quasi-static loadings for

configuration (a) (free crushing), but shows a relative to
moderate decrease in SEA values for configuration (b) and
(c): 28% and 42% decrease respectively.

Such similar results differences between dynamic and
quasi-static loading for configuration (a) can be observed
for specimens 2, 3, 4 and 5, while tube specimen 1 clearly
fails for all configurations when dynamically solicited, with
a reduction of the SEA value by at least 50% between quasi-
static and dynamic conditions, more precisely a reduction of
53% (a), 55% (b) and 61% (c) of the SEA when compared
to quasi-static loading.

Problematic issues observed for tube specimen 1 in
dynamic loading may come from the too large thickness
created by the consecutive 0� plies at the center (see Figure
24), whereas for tube specimen 2, interleaved 90� plies must
stabilise the structure and therefore smooth the
dynamic rupture.

Tube specimens 3 (mostly 90�-oriented), 4 and 5 (identi-
cal 90�-oriented basis with an additional aramid cover) pre-
sent almost identical results for dynamic and quasi-static
loading in free crushing configuration (configuration (a)). It
is only slightly higher for the quasi-static rate. This trend
has to be confirmed however, as several data points
are missing.

However, tube specimen 3 performs better in configur-
ation (b) (inner crushing) for dynamic loading. This can be
considered two ways: either a better efficiency in term of
energy absorption in dynamic loading in this configuration,
or an almost identical effectiveness in quasi-static and
dynamic loading when taking into account the margin of
error and high dispersion in quasi-static loading. Further
testing on a larger number of samples would be required to
decisively rule on that trial. With this in consideration, it
can presently be stated that in dynamic loading, tube speci-
men 3 in inner crushing configuration (configuration (b))
achieves similar results as tube specimen 2 in dynamic

Figure 22. SEA-displacement curve (QS and DYN) for tubes 1–3 in inner crushing configuration (b).
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loading. Tube 3 in configuration (b) returns higher SEA val-
ues than tube 2 in configuration (b) and (c) but they are
slightly lower than tube 2 in configuration (a).

Generally, tube specimens with 90�-oriented fibers seem
to perform better in dynamic loading. However, overall
results and observations lead to the conclusion that in order
to have a worthy and strong SEA both in quasi-static and
dynamic rates, it is required to have a stratification with 0�-
oriented plies stabilised by a woven fabric or by few 90�-ori-
ented plies. It also appears that in dynamic loading it is
essential to avoid having too many consecutive 0�-oriented
plies in order to prevent catastrophic failures. In dynamic
conditions, the presence of 90�-oriented plies that stabilise
the structure appears to be a major requirement.

In conclusion, tubes specimens with a partial or total
90�-oriented fibers base structure perform better in dynamic
than in quasi-static compared to tubes specimens with a full

0�-oriented fibers base-line structure. This is explained by
the structural lay-up order and the thickness of that lay-up.

� Free crushing achieves better for specimen with a mix-
ture of 0� and 90�-oriented fibers base structure (tube 2,
configuration (a)).

� Inner crushing achieves better for specimen with a full
90�-oriented fibers base-line structure. (tube 3, configur-
ation (b))

4. Conclusion

Dynamic and quasi-static crushing tests were achieved for
different circular hybrid composite tubes samples in various
configurations using several trigger initiations. SEA values
up to 90 kJ.kg�1 were obtained, achieving better than most
instances from the literature, averaging around 50 kJ.kg�1

Figure 23. Comparison of (QS and DYN) SEA values for tubes 1–5 in configurations (a), (b), (c).

Figure 24. Highlight of the core structure of tube specimen 1 (left) and 2 (right).
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for Carbon/Epoxy laminates. The impact velocity for the
dynamic testing was set at 5m.s�1. Specimens with 90�-ori-
ented fibers perpendicularly oriented with the direction of
compression reached the highest SEA values while those with
mainly 0�-oriented fibers coincidental with the direction of
compression performed unwell. It has consequently been
established that in dynamic loading, the presence of 90�-ori-
ented fibers stabilised by woven plies greatly enhances the
energy dissipation capability of the structure. This was not the
case in quasi-static loading, where 0�-oriented specimens
achieved best SEA values and met highest expectation in terms
of energy dissipation. Moreover, unidirectional laminates ori-
ented at 0� performed 50% lesser between quasi-static and
dynamic rates. This has been explained by the too large thick-
ness made by the consecutive 0� plies, yielding by kink-band
effect. Incidentally, an inner constrained containment is more
effective in most cases, reducing the initial peak load without
drastically reducing the SEA value. Inner conic crushing, how-
ever, although reducing the initial peak load, also reduces the
overall SEA value.

In order to complete this study and provide complemen-
tary understanding regarding the dynamic effect in compos-
ite tube crushing, it could be interesting to vary the impact
speed for the dynamic crushing tests, and especially increase
it to high-speed velocity, since all trials in the present study
were performed under the same impact velocity and the lit-
erature, for the most part, reports a significant effect of the
strain rate. A study of the size of the debris and a compari-
son of their form and size between quasi-static and dynamic
testing might provide more insights regarding the fracture
and damage mode that undergo the tubular structure during
these two load types.

Investigation regarding the D/t ratio (diameter over tallness)
of the tubular structures as well as the wall thickness impact
on the crushing behavior and crush strength might be helpful.
Similarly, a more elaborate study on the cone angle, and slop-
ing inclination of the inner conic configuration might be
needed, to best adjust that parameter. Finally, testing of cham-
fered or notched tubular structure, in combination with the
proposed boundary conditions, might help further reduce the
peak load and enhance the SEA capacity at the same time.
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