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A B S T R A C T

Angle-ply carbon fibre reinforced polymer (CFRP) crush tubes were tested in drop weight impact experiments.
High-fidelity computational modelling of the dynamic impact response was performed using explicit finite
element analysis in LS-DYNA. Ply-by-ply and fibre-aligned meshing was used for the composite lamina wherein
the intralaminar damage was treated with a 3D rate- and pressure-dependent continuum damage mechanics
(CDM) model, implemented as a user material. Delamination was modelled using cohesive tiebreak contacts to
deal with the mis-matched nodes caused by the use of a structured, fibre-aligned mesh. The material aligned
meshing scheme was shown to be required to capture the intralaminar splits observed in the ±45◦ plies.
The numerical predictions showed excellent correlation with experimental measurements in terms of both the
damage mechanisms and macroscopic material behaviour of the drop weight. In the simulation, interlaminar
friction between delaminated plies seemed to be a main contributor of energy dissipation. Parameter sensitivity
analysis showed that the interaction between the delamination fracture energy and friction can substantially
influence the results and stable crushing load, in particular. For the scenario studied here, a regular structured
mesh (unaligned) was shown to be insufficient for simulating realistic crack paths despite producing reasonable
predictions of the force–displacement and absorbed energy.
1. Introduction

Due to their widespread use in lightweight structures and compo-
nents, carbon fibre reinforced polymer (CFRP) composites are often
used in applications where potential impact is a critical concern. As a
result, the ability to accurately predict the material behaviour beyond
the ultimate strength limits and into the fracture and damage evolution
domain is crucial to the safe design of CFRP components in many
industrial applications, from crash absorbing structures in the automo-
tive industry to bird strike and hail impact resistant structures in the
aeronautical industry. In recent years, much progress has been made in
the constitutive modelling of CFRPs using finite element analysis (FEA)
tools. However, the verification/validation of these models often relies
on plate impact experiments, which, as challenging as they can be to
predict, are still relatively simple test cases within the scope of typical
industrial applications. Because of this, more complex loading scenar-
ios, such as crushing or compression after impact (CAI), which tests not
only the damage tolerance under impact but also the residual strength
of the structure, are becoming more common for model validation.
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In particular, axial crushing of composite laminates for crash wor-
thiness applications has been extensively studied using various numer-
ical and experimental techniques. Investigations using crush tubes [1–
13] and other configurations [14–18] are prominent in the literature.
Ply-by-ply modelling of composite crushing using continuum damage
mechanics (CDM) and cohesive surface-based contact was performed
in [19–23], however results using meso-scale (ply-by-ply) fibre-aligned
meshing of composite crush tubes have to date not been reported.
Simulations of composite crush tubes with ±15◦ off-axis plies were
performed in LS-DYNA with MAT54 by Siromani et al. [24]. Reuter
et al. [25] tested and analysed circular composite crush tubes with
different layups. The numerical modelling, performed in LS-DYNA,
employed layers of shell elements connected with tiebreak contact to
simulate delamination. Recently, Grotto et al. [26] studied crushing of
a cross-ply composite plate using a Discrete Ply Model (DPM). Shor
and Vaziri [9] applied a local cohesive zone model, wherein cohe-
sive interfaces are inserted adaptively between plies, for delamination
and the CODAM2 (MAT219 in LS-DYNA) damage model [27–29] to
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simulate axial crushing of a composite tube. Axial crushing of quasi-
isotropic composite (IM7/8552) crush tubes was analysed by Reiner
et al. [30] using three different CDM models in Abaqus/Explicit and
LS-DYNA. Excellent predictions of the force–deflection and specific
energy absorption (SEA) were reported, but only one shell element
through the thickness was used to model the composite layup to
maintain computational efficiency, so delamination was not simulated.
Issues related to modelling crushing loads using a single layer of shell
elements to maintain computational efficiency are discussed in [12,31].
Built-in LS-DYNA material models (e.g., MAT54, MAT58, MAT262)
were applied to model composite crush scenarios in [5,12,31]. A re-
cently developed tabulated composite plasticity and damage model has
been implemented in LS-DYNA as MAT213 for analysis of composite
impact [32–35]. The MAT299 composites damage model [36] in LS-
DYNA includes strain rate dependence and a deformation gradient
decomposition algorithm [37] and has been used to predict impact
damage in composite laminates.

While previous work on the modelling of axial crushing has shown
good agreement between experiments and simulations in terms of over-
all force–displacement, the use of heavily simplified models often relies
on non-physical fitting of material parameters, and their inability to
capture key energy dissipation mechanisms, such as shear non-linearity,
matrix crack propagation, contact friction and fibre breakage, may
leave some uncertainty with respect to their applicability/reliability
in differing loading conditions. Nevertheless, such simplifications are
often necessary for the evaluation of large structures in order to keep
the computational cost within reason. Still, modern techniques for
composite damage modelling, including state-of-the-art CDM models,
fibre-aligned ply-by-ply meshing, and cohesive zone modelling (CZM)
have previously been shown to accurately model composite failure [38–
42].

In the present study, drop weight tests on cylindrical ±45◦ compos-
ite tubes have been used to evaluate the predictive capability of leading
numerical constitutive models and kinematic modelling techniques in a
test case where the damage and energy dissipation mechanisms play a
much more significant role to the structural response of the component.
The crush tubes, which had an inner chamfer of 45◦ on the impacted
edge, were impacted along the axial direction until the impact energy
was completely dissipated. The impact caused widespread matrix crack-
ing, with angled splits oriented along the local fibre directions, and
delamination damage along the length of the tube. Crushing loads can
prove more challenging to model with finite elements than typical plate
impact tests due to the type and extent of damage. This paper builds
upon preliminary results presented in [43] and aims to accurately
reproduce the experimental crushing behaviour, using physically-based
models and material parameters, to test the limits of current modelling
capabilities. Therefore, the results from the performed tube crush tests
have been used to investigate the suitability of a three-dimensional
rate-dependent constitutive model [44] and different finite element
meshing strategies for high-fidelity simulations. First, a conventional
meshing technique was used, which consisted of regular structured
brick elements aligned with the tube axial direction using one element
per ply through thickness and cohesive contact for the ply interface.
However, the use of unaligned meshes, even when paired with ad-
vanced 3D damage models, has shown limited capability to describe the
propagation of matrix cracks through the material, which can severely
affect the accuracy of the model beyond the initial onset of damage.
Therefore, a second meshing technique has also been considered, with
fibre-aligned elements in each ply and cohesive contact interactions
used to bond layers with non-conforming meshes. First, experimental
results of the drop weight testing, including post-mortem computed
tomography (CT) analysis of the failure mechanisms, are reported.
These data are then used to validate the modelling technique described
in the subsequent sections.

Several points of novelty in this paper are noted including the use
2

of fibre-aligned, ply-by-ply meshing of non-planar composite laminates
containing off-axis plies. As mentioned above, previous studies have
investigated the use of fibre aligned meshing for plate impact test cases.
However, axial crushing puts greater demands on the predicted fracture
mechanisms, the residual strength and stiffness of the damaged mate-
rial, and other aspects such as the friction between cracked interfaces
and between specimen and impactor. The solution in this case showed
sensitive to many of these aspects that may be less relevant in out-of
plane impact loading, and for which the present study may serve as
more thorough validation.

Furthermore, the experimental validation of the numerical mod-
elling framework (including state-of-the-art composites CDM model
and kinematic meshing) demonstrated successful reproduction of, not
only the energy absorption and force–displacement curves, but also
the composite damage mechanisms, which has received little attention
in the literature for the case of angle-ply crush tubes. In addition,
the influence of the meshing strategy (material-aligned vs regular,
structured) was also shown and highlights the importance of a robust
kinematic meshing procedure in addition to the material constitutive
model. The parameter sensitivity in the proposed analysis of crushing
applications has not previously been reported including the effects of
strain-rate, and the constitutive model was validated for composite
crushing without excessive parameter calibration using a fibre-aligned
mesh for the first time. Finally, the modelling strategy was validated
for two different trigger geometries to investigate the effect of subtle
differences on the damage evolution.

2. Experimental work

2.1. Tube manufacturing and test specimen configuration

The composite crush tubes were fabricated from unidirectional (UD)
Hexcel IM7/8552 prepreg by wrapping plies on a filament winding
core. The stacking sequence was [+454∕ − 454]2s, where the ply orien-
tations are given with respect to the tube axis direction. The nominal
cured ply thickness was 0.125 mm. All tubes were manufactured with
a length of 100 mm, inner diameter of 40 mm, and outer diameter of
48 mm as shown in Fig. 1. Debulking was performed after every eight
plies to reduce trapped air and voids. After all plies were deposited,
the winding core was vacuum bagged before the part was cured in an
autoclave following the manufacturer recommended cure cycle. The
specimen quality was checked by CT scanning the tube after curing
and no concerning issues were found. After inspection, the tubes were
cut to the specified length using a water-cooled diamond disk saw by
trimming the excess length and a 45◦ chamfer was machined on the
impacted end of the tubes, as shown in Fig. 1. Four replicates (𝑛 = 4)
were tested for each chamfer geometry (inner and outer).

2.2. Experimental setup and data reduction

A drop weight test rig, shown in Fig. 1, was used to perform
the impact experiments. The steel impactor had a mass of 10.0 kg
and was dropped from an initial height of approximately 5.1 m. This
produced an impact velocity of around 10.0 m/s and an impact energy
of approximately 500 J. A laser extensometer was used to verify the
drop height before each test and a Photron high-speed camera was used
to record the failure process at frame rates up to 75,000 fps with a field
of view of up to 384 × 584 pixels at a 4.5 pixels/mm resolution. The
displacement of the impactor, painted with a black on white speckle
pattern, was measured via 2D digital image correlation (DIC). The DIC
data reduction was performed with the software GOM ARAMIS using a
subset size of 19 pixels.

To fix the base of the tube in place during the impact event, the
specimens were fitted onto a steel support with a 40 mm diameter
insert, as seen in Fig. 1, before releasing the drop weight. The displace-
ment history of the impactor, calculated using DIC, was differentiated
successively to obtain the velocity and acceleration histories, from
which the initial impact velocity was verified and the impact force, 𝐹 ,

was approximated (𝐹 = 𝑚 × 𝑎).
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Fig. 1. Crush tube geometry and experimental drop weight setup.
Table 1
Measured peak force (onset) and maximum drop weight displacements of the four
replicates for both inner and outer chamfer geometries.

Inner chamfer

Peak force (onset) [kN] Max. Disp. [mm]

Exp. #1 72.1 13.6
Exp. #2 40.5 21.5
Exp. #3 59.5 20.8
Exp. #4 66.4 17.7
Avg. 59.6 18.4

Outer chamfer

Peak force (onset) [kN] Max. Disp. [mm]

Exp. #5 56.2 18.5
Exp. #6 63.4 20.9
Exp. #7 71.7 20.9
Exp. #8 66.7 19.1
Avg. 64.5 19.8

2.3. Experimental results

The peak forces, measured during the damage initiation phase,
and maximum crushing displacements for each replicate of the cur-
rent experimental campaign are reported in Table 1 for both chamfer
geometries.

2.3.1. Inner chamfer
The obtained displacement histories, velocity histories, and load

versus displacement for the four repetitions are shown in Figs. 2 and 3,
respectively. For the displacement evolution, Fig. 2(a) shows the raw
data obtained from the DIC analysis and shifted to start at the first point
of contact between the tube and the drop weight. However, because of
the differentiation process, the force data was excessively noisy when
using the raw displacement data. Therefore, for illustrative purposes,
the displacement data was sampled at a lower frequency for the force
and velocity calculations (20,000 for specimens N1, N2, and N3, which
were originally recorded at 40,000 fps, and 25,000 for N4, which was
recorded at 75,000 fps).

The four tests showed some variability, possibly due to minor
differences in manufacturing quality and axial specimen alignment with
the impactor. Other than the variability in the total displacement,
the force–displacement curves for each repetition showed similar be-
haviour, with an initial gradual increase in force reaching a peak at
approximately 4.0 mm displacement, which corresponds to the depth
of the chamfer. After this point, a significant drop-off can be observed in
the crushing force, followed by a damage evolution stage until the drop
3

weight is slowed to a stop. Therefore, the region up to the peak force
can be considered as the damage initiation phase, while the remainder
of the test can be considered a damage propagation phase.

Ignoring the high-frequency oscillations in the force–displacement
curves, after the initial drop-off, the average force during the crack
propagation stage was calculated to be approximately 50% of the initial
peak force. The effect of this change in behaviour can also be seen
in the velocity history, which shows a subtle change in slope after
approximately 0.5 ms for all four tests. Finally, the lower frequency
oscillations in the propagation region may be an indication of stick–
slip behaviour in the crack opening process, which was also observed
for some of the surface cracks in the high-speed images.

While slight compliance in the setup was noted immediately fol-
lowing the onset of contact between the drop weight and specimen,
wherein minute vertical translation of the specimen is seen while it
fully settles into the base support, this should not influence the mea-
sured results beyond the first few instants of the test, before even the
first signs of damage. In addition, the experimental force–displacement
curves obtained in the present work are qualitatively similar to results
in [25] for a [(45∕ − 45)5∕45]𝑠 layup with a slightly different diameter
and thickness, but nearly identical cross-sectional area. The fact that
the crushing displacement was much lower in the present study can
be attributed to the lower impact energy, which required a shorter
crushing length to fully dissipate.

2.3.2. Outer chamfer
The measured drop weight displacement and velocity histories for

the outer chamfer are shown in Fig. 2(c), (d) while Fig. 3(b) shows the
force–displacement and total crushing displacement. Good repeatability
was observed with the outer chamfer. The displacement and velocity
histories exhibit similarities to Exp. #2 and #3 with the inner cham-
fer. Longitudinal ply splits propagating along the fibre direction were
present in the outer chamfer tests similar to those seen with the inner
chamfer (described in Section 2.4).

2.4. Post-mortem analysis

After testing, the crush tube from Exp. #4 (inner chamfer), whose
behaviour was closest to the average of all four tests, was CT scanned to
obtain a high-resolution, 3D reconstruction of the fractured composite
structure. The specimens were scanned in a high-resolution CT system
V|tomex|-L 450 (GE Phoenix X-ray) with an incorporated 300 kV
microfocus and a 450 kV macrofocus Xray tube. The scan resolution
was 30 μm. High-resolution CT scanning has been used previously to

analyse damage in laminated composites [45]. The CT scan permitted
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Fig. 2. Experimentally measured drop weight (a) inner chamfer displacement, (b) inner chamfer velocity, (c) outer chamfer displacement, and (d) outer chamfer velocity histories.
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qualitative analysis of the fracture mechanisms and quantitative mea-
surement of the crack density and crack length for comparison with
numerical predictions.

In general, the failure mode of the tubes might be considered as a
combination of splaying and fragmentation modes frequently discussed
in the literature [2]. Experiments performed by Siromani et al. [24] on
crush tubes containing 0◦, 15◦ and −15◦ plies displayed longitudinal
ply split in the outer layers of angled plies similar to those seen in the
present study (see Fig. 4). The damage appears qualitatively different
from results reported in [25], but the referenced failure is reported after
much greater crushing displacement than in this work. Additionally,
the stacking sequence used here contains large ply blocks, which can be
considered as increasing the apparent lamina thickness, while dispersed
plies are used in [25]. Similar angled ply splits were observed by Liu
et al. [46] for ±45◦ cylindrical carbon/epoxy crush tubes.

In the present work, the failed tubes exhibited significant matrix
racking parallel to the fibre directions at ±45◦ and interlaminar de-

lamination, but limited fragmentation of the carbon fibres, with the
split plies bending out of the way instead. The delaminations can be
distinguished in two categories, first, delamination between layers with
the same fibre orientation, and second, delamination at the interface
of different fibre orientations. Fig. 4 shows two cut planes in the
post-mortem CT scan. In the vertical cut plane, shown in Fig. 4(a),
delaminations between ply blocks and within a ply block are observed.
These delaminations are combined with other failure mechanisms such
as fibre bridging mainly related with external ply blocks. Delaminations
within ply blocks appear primarily on the interior of the tube. The
lengths of these delaminations seem to be shorter than the delami-
nations between ply blocks. The outer three groups of clustered plies
seem to maintain the integrity of their laminated structure, while
the delaminations occur mostly in between them. This is particularly
4
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evident from the horizontal (𝑟 − 𝜃 plane) view cut. The intralaminar
amage in these plies seems to be primarily matrix failure with cracks
riented along the fibre directions. However, some delamination within
he outer layers of blocked plies is observed in Fig. 4(b). In addition,
he vertical cut in Fig. 4 shows the influence of the chamfered edge
n the damage evolution within the tube, as most plies appear to be
ushed outwards with only the two innermost ply blocks bending in
owards the centre of the tube.

Aside from the more qualitative analysis above, the high-resolution
T scan also allowed for some quantitative measurements of the ap-
roximate number of intralaminar cracks, crack lengths and delamina-
ion areas. The number and length of the matrix cracks on the outer
ly block were measured by fitting three-dimensional splines along the
rack path. However, for the interior plies, while a significant increase
n crack density could be observed, this was not easily quantifiable.

. Numerical modelling

The progressive damage and failure analysis of the drop weight
mpact of the composite crush tube was performed in LS-DYNA. A ply-
y-ply model with a semi-automated fibre-aligned mesh generator was
eveloped. The intralaminar damage behaviour of a UD ply was mod-
lled using CDM, while a CZM was used for the interlaminar response.
ully damaged elements are removed from the simulation to simulate
rack-band formation, improve the numerical behaviour and avoid
ighly distorted elements during the crushing analysis. Eroding contact
as applied between the drop weight and CFRP and the cohesive zone
odel was enforced using tiebreak contact. Frictional contact between

he drop weight and CFRP and delaminated plies was included. Typical
tatic friction coefficients for contacts between CFRP–steel reported
n the literature range from 0.2 to 0.7 [19,47–49], with the dynamic
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Fig. 3. Measured force–displacement curves from (a) four experimental replicates with an inner chamfer and the total crushing displacements (avg.: 18.4 mm, CV: 19.5%) and
(b) four experimental replicates with an outer chamfer and the total crushing displacements (avg.: 19.8 mm, CV: 6.3%).
Fig. 4. (a) Vertical and (b) horizontal cut planes from a post-mortem CT scan showing different damage mechanisms.
friction coefficient typically 30%–40% lower [36,48,50]. In this work,
static and dynamic friction coefficients between the impactor and CFRP
of 0.5 and 0.3, respectively, which are in line with the reported values,
were found to give good results. To the best knowledge of the authors,
such a modelling strategy with fibre-aligned mesh deployed in this
work has not been previously applied to a composite crush tube. The
numerical model was validated by comparing fracture mechanisms and
5

drop weight response measured in the experimental section. The model
setup is illustrated in Fig. 5.

3.1. Constitutive modelling

The UD ply behaviour was modelled by a pressure- and rate-
dependent plasticity and damage model, implemented in LS-DYNA as
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Fig. 5. Numerical model of the drop weight assembly and detail view of the fibre-aligned mesh.
a user material model (UMAT) [44]. In the previous work in [44],
the model was extensively calibrated using quasi-static (QS) and high-
rate (HR) experimental data from [51–53]. The CZM is enforced using
native LS-DYNA tiebreak contacts. A contact based formulation is
favoured over cohesive elements in the absence of coincident nodes
at the ply interfaces caused by the fibre-aligned mesh. The intra- and
interlaminar models are briefly summarised in the following sections,
and a more detailed description can be found in Appendix A.

3.1.1. Intralaminar behaviour
The constitutive model, reported in [44], thoroughly describes the

behaviour of the UD CFRP within a ply as the result of different fibre
and matrix-dominated mechanisms. The underlying elastic response is
assumed to be transversely isotropic, with the longitudinal modulus
dominated by the high-stiffness reinforcing fibres, while the transverse
and shear moduli are dominated by the polymeric matrix and incorpo-
rate the characteristic strain-rate dependent behaviour typical of epoxy
resins.

Beyond the elastic response, the model incorporates energy dissipa-
tion through plastic deformation in the matrix and through different
failure mechanisms, which can be in the form of either fibre tension,
fibre compression, or matrix cracking.

The three-dimensional plasticity law aims to describe the effects of
progressive micro-scale damage and matrix plasticity as the accumula-
tion plastic strains along a critical localisation plane parallel to the fibre
direction. The critical localisation plane is determined by the angle, 𝜃𝑙𝑝,
that minimises the following strain-rate and pressure dependent yield
function:

𝑓 = 𝜎̄
[

𝝈, 𝜃𝑙𝑝
]

− 𝜏𝑦
[ ̇̄𝜖𝑝

]

= 𝛼𝜎𝑛 +
√

𝜏2𝑛1 + 𝑒𝜏2𝑛𝑡 − 𝜏𝑦
[ ̇̄𝜖𝑝

]

(1)

Where 𝜎̄
[

𝝈, 𝜃𝑙𝑝
]

is the effective stress computed from normal and
shear traction components, 𝜎𝑛, 𝜏𝑛1, and 𝜏𝑛𝑡, acting on the localisa-
tion plane, 𝜃𝑙𝑝, and 𝜏𝑦

[ ̇̄𝜖𝑝
]

is the rate-dependent yield stress. The
model parameters 𝛼 and 𝑒 define shape of the yield envelope and the
pressure-effect.

Together with the above yield condition, the description of the
non-linear plastic behaviour is completed with a double-voce strain
6

Table 2
Material properties of UD IM7/8552. Source: Adopted from [44,56,57].
Property Value Property Value

𝐸11 162.1 GPa 𝑌𝑇 60.2 MPa
𝐸11𝑐 140.9 GPa 𝑌𝐶 250 MPa
𝐸22 9.7 GPa 𝑆12(= 𝑅𝑛1) 112.7 MPa
𝐺12 4.7 GPa 𝑆12(= 𝑅𝑛1) 112.7 MPa
𝜈12 0.362 – 𝑝𝑐 0.2 –
𝐴 60 MPa 𝑝𝑐 0.2 –
𝐵1 33 MPa 𝑋𝑇 2625 MPa
𝐶1 130 – 𝑋𝐶 1451 MPa
𝐵2 25 MPa 𝐺𝐼𝐶 0.2 N/mm
𝐶2 10 – 𝐺𝐼𝐼𝐶 0.9 N/mm
𝛼 0.1 – 𝐺𝑓+

𝐼𝐶 82.0 N/mm
𝑒 0.9 – 𝐺𝑓−

𝐼𝐶 101.6 N/mm
𝑟𝑦 1E−3 s

hardening law and non-associative plastic flow, described in more
detail in [44].

In parallel, three independent stress-based failure criteria are con-
sidered, one for each of the main failure mechanisms. Matrix cracking
is assumed to occur on the same localisation plane as the plastic defor-
mation once the effective stress reaches either the rate-dependent shear
strength or once the normal traction, 𝜎𝑛, reaches the rate-dependent
transverse tensile strength. In the case of fibre failure, tensile failure is
predicted by a maximum stress criterion, and for fibre compression, a
kinking failure criterion [54,55] is used.

Finally, damage evolution is described in the continuum damage
mechanics framework through a smeared crack formulation, which re-
leases the fracture energy associated to the relevant failure mechanism
over the full length of the crack within a solid element through the
linear softening of the associated matrix- or fibre-dominated stiffness
properties.

Material parameters for a homogenised UD ply were adopted
from [44,56], where the same model was calibrated for the IM7/8552
material used in this study. The material properties are reported in
Table 2.
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3.1.2. Interlaminar behaviour
Delamination was modelled using a cohesive zone contact natively

available in LS-DYNA. Tiebreak contact Option 7 (Dycoss Discrete
Crack Model) [58] was used for pressure dependent delamination
failure initiation, given by Eq. (2), where 𝜎𝑛 is the normal stress, 𝜎𝑠
is the shear stress, NFLS is the failure stress in the normal direction,
SFLS is the shear failure stress, and PARAM is the friction angle. With
this initiation criteria, the strength of the interface is increased by
pressure following the same logic used in the intralaminar constitutive
model. In this work the tiebreak contact formulation is combined with
the effect of friction as an additional energy dissipation mechanism.
The interlaminar friction properties between delaminated plies were
adopted from [36].
[

⟨𝜎𝑛⟩
NFLS

]2
+
[

𝜎𝑠
SFLS − sin (PARAM) min (0, 𝜎𝑛)

]2
= 1 (2)

The interfacial strengths were elevated to account for strain-rate
effects while using a rate-independent interface model by using the
dynamic values from Table 2 assuming NFLS = 𝑌𝑇 , SFLS = 𝑆12 and
PARAM = 12◦, to match the frictional effect on the intralaminar
strength properties, 𝑝𝑐 = 0.2 [52]. The mode I and mode II fracture
energies were assumed to be 𝐺𝐼𝐶 = 0.25 N/mm and 𝐺𝐼𝐼𝐶 = 1.0 N/mm,
which are in line with values reported in the literature [56,59].

3.2. Meshing technique and element erosion

To accurately model the failure mechanisms observed in the exper-
iments, a fibre-aligned meshing technique was selected. This aligned
meshing strategy has been shown to accurately reproduce the fracture
mechanisms in UD fibre-reinforced composite laminates and has gained
attention in recent years [38–42,60,61]. By orienting mesh lines along
the local, orthotropic material axes, the crack propagation can be more
realistically captured. In general, the mismatching mesh at the ply
interface lends to the use of contact based cohesive modelling, which is
employed in the present analysis. Mesh regularisation [62] was used to
reduce mesh sensitivity. Other issues specifically associated with mesh
sensitivity in crushing applications have been studied [16,31], and, in
this work, a fibre-aligned mesh yielded excellent behaviour.

The crush tube mesh was divided into three regions (see Fig. 5)
to improve the computational efficiency of the model. First, a refined,
fibre-aligned mesh was used under the impactor. This region extended
50 mm along the length of the tube before reaching a short transition
region. On the impacted end of the tube, the nodes are adjusted to
conform to the chamfer geometry as seen in the top right view cut
in Fig. 5. Then, a transition region was used to connect to a coarse,
regular mesh (support region), used away from the damage zone to
reduce the number of elements. The transition and support regions
were modelled as elastic and were connected using tied contacts,
and the support region was meshed with 1 mm × 1 mm elements
with two elements through the thickness of the laminate. Smeared
composite properties are applied. Reduced integration solid elements
(ELFORM.EQ.1 in LS-DYNA) with hourglass controls (HG=4) are used
throughout. The models contained approximately 750 × 103 elements
and were run on a Linux workstation using MPP LS-DYNA R11 on 30
CPU cores. The run time was approximately 94 h to reach 4 ms of
simulation time.

The elements in the fibre-aligned mesh were 0.4 mm × 0.2 mm
(longitudinal × transverse). This element size and aspect ratio was
chosen as the best trade-off between efficiency and accuracy. The upper
bound of the element dimensions is determined by the energy dissipa-
tion requirements [40]. Further evaluation of the mesh sensitivity is
discussed in Appendix B. Increasing the element aspect ratio beyond 2:1
seemed to be less reliable for handling the crushing mechanics observed
in the studied configuration. Since the layup used blocked/clustered
plies, eight layers of elements were used through the thickness, which
corresponds to one element per orientation ply block, such that each
7

element represents four plies of UD tape oriented at either +45 or
−45 degrees. This assumption was useful for reducing the model size
and is typical for ply-by-ply meshing of composite laminates. While
this assumption appeared to be appropriate for the outer ply-blocks,
the post-mortem CT scans showed delamination between layers within
a ply block on the interior of the tube. To account for delamination
within a ply-block, the interlaminar fracture energies were increased
by a factor of four to match the number of delamination interfaces
observed in the experiments. All of the numerical results shown in the
following sections use increased delamination fracture energy unless
otherwise noted. This decision to adjust this model parameter was
physically based on the experimental observations and the availability
of computing resources which limited the model size to eight layers.
Meanwhile, all other properties are adopted from the literature for a
single, UD ply or interface between plies. Finally, element erosion was
used to remove failed elements from the analysis and avoid excessive
element distortion issues. In the present analysis, element erosion is
triggered by complete failure (i.e., damage variable equals unity). How-
ever, for matrix damage, compression on the fracture plane prevents
failure and the material should conserve its stiffness in the normal
direction (as per IFF model described previously). Additional geometric
failure criteria are included to remove severely distorted elements that
may not have been eroded following the previous criteria. Deletion
of failed elements also simulates the formation and propagation of a
crack. However, in the case of crushing experiments, erosion of failed
elements (while necessary for stability) may prevent the formation of
the debris wedge that is often observed in the literature and helps
to drive delamination damage. Despite the challenges associated with
element erosion, it is a widely used technique for crack modelling and
was effectively employed in the present analysis in combination with
the fibre-aligned meshing strategy.

The fibre-aligned mesh in the first region was generated auto-
matically using scripting functions. This was performed by meshing
a rectangular parallelogram tilted with an angle matching the fibre
orientation angle. The length is equal to the length of the damageable
region and the width of the horizontal side is the local circumference
of tube measured with the radius of the ply that is being meshed. The
input element dimensions are then slightly adjusted to ensure that the
mesh is periodic and coincident nodes are located on opposite edges
of the meshed domain. Then, a geometric transformation is performed
to ‘‘wrap’’ the mesh and create a cylinder. The coincident nodes are
merged to join the mesh into a closed, cylindrical section. In this way,
the circumferential uniformity of the mesh is ensured.

4. Results and discussion

Results from the numerical simulations are presented in the fol-
lowing sections and compared with experimental measurements where
applicable. Both the inner and outer chamfer trigger geometries were
analysed and results for both cases are included herein. Since the CT
scanning was limited to the inner chamfer, the focus in the following
sections will be on this geometry. All results shown below are for the
inner chamfer unless stated otherwise.

4.1. Inner chamfer

4.1.1. Macroscopic failure predictions
The tube crush analysis is depicted in Fig. 6(a), where the evolution

of the crushing/damage is shown over four frames. Cracks nucleate in
the outer ply, which is the first to come in contact with the impactor.
Matrix cracks propagate along the local fibre-direction of each lamina.
The fibre-aligned mesh promotes accurate modelling of this cracking
behaviour. The splits continue to grow and the angled plies ‘‘unwind’’
around the tube. These strips bend and experience frictional contact
with the drop weight (hidden in this figure to improve visualisation of
the CFRP). Delaminations grow as the drop weight continues to crush
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Fig. 6. (a) Simulated evolution of the tube crushing. (b) Qualitative comparison between the analysis and experiment of the failed crush tube after the impactor rebound.
Fig. 7. Side view of the drop weight impact: experiment (left) vs simulation (right).

the specimen. The outer ply seems to delaminate the furthest as the
splits propagate and the ply "unwinds’’. Fig. 6(b) shows the analysis
next to a tested crush tube. The macroscopic damage predictions show
good qualitative agreement with the experimental observations.

A side view of the drop weight impact is shown in Fig. 7. The
45◦ cracks seen in the experiment are reproduced by the numerical
8

simulation. At 𝑡 = 1 ms, the model seems to slightly under-predict the
crack length, but the overall crack morphology is in good agreement
with experimental observations.

The matrix cracks in each ply are shown in Fig. 8 by displaying
the deleted elements in the undeformed configuration. Each layer of
elements represents four plies of UD tape oriented at either +45◦ or
−45◦. The angled splits along the local fibre directions are clearly seen,
particularly in layers seven and eight. After 3.9 ms, the damage in
the interior layers seems to propagate approximately equal distances
along the length of the tube, while the propagation distance appears to
increase in the outer two ply blocks. Widespread damage and element
erosion is observed in the embedded plies.

The prediction of the delamination of the interfaces was also investi-
gated. Fig. 9 shows a side view of the delamination damage (red) at the
interface between the outer two plies (layers 7 and 8). The approximate
delamination area was computed for each interface and reported in
Fig. 9. The delamination propagated furthest at the outermost interface
and the delamination area seemed to reduce at each interface moving
towards the mid-plane of the tube. The inner most interface between
plies 1 and 2 showed a slight increase compared to the adjacent
interfaces, but less delamination was predicted in the interior interfaces
compared to those towards the exterior. The disbonding between outer
layers appeared to initiate in the early stages of the impact as a
result of the chamfer. Further, the chamfer has a slight impact on the
delamination areas because the ply length increases slightly along the
radius. At the ply 7 – ply 8 interface, strips of split plies can delaminate
further, locally, along the fibre-direction.

Finally, while a quantitative measure of the plastic strain energy
was not possible from either the models or the experiments, significant
permanent deformation can be observed in the tube at the end of the ex-
periment, Fig. 6(b). Fig. 10 highlights the extent of plastic deformation
predicted in the remaining un-failed elements for the baseline model
(4× delam. energy, contact friction, aligned mesh), which qualitatively
matches the final deformed shape of the test specimen.

4.1.2. Comparison of predicted fracture mechanisms and experimental ob-
servations

Overall, the predicted fracture morphology qualitatively appears to
reproduce the damage seen in the physical tests. Fig. 11 compares
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Fig. 8. Deleted elements (representing damage) at 𝑡 = 3.9 ms in each ply of the analysis shown in the undeformed configuration.
Fig. 9. Side view of the cohesive zone model (delamination) damage between layer 7
(−45◦) and layer 8 (+45◦) and approximate delamination areas at each interface.

cross sections from the CT scan to those from the analysis. The large
delaminations and cracks parallel to the fibre directions are captured
by the simulation. Furthermore, delamination and intralaminar cracks
are seen in plies 6 and 7 in both the CT scan and the analysis. At the
location of this cut plane, little to no damage is seen in the inner 4 ply
blocks or so. Additionally, we note that the delaminations here primar-
ily occur at the interface between ply blocks. The intralaminar damage
comes mainly in the form of transverse matrix cracks. However, the
CT scan does reveal some interlaminar cracks between the −45◦ plies
within the ply block in layer seven. Finally, the regular mesh, shown
9

in Fig. 11b, produces sequential element erosion at the crash front and
does not accurately capture the failure mechanisms observed in the
experiment.

Fig. 12 shows the analysis of the crack length and crack density
estimates, which were used as quantitative metrics to compare the
prediction with the experiment. The cracks in the outer surface are
the focus of this analysis since the are the most clearly seen, even in
the post-mortem CT reconstruction. An estimate of the crack density
is taken by counting the number of (macroscopic) splits around the
circumference of the tube. Some judgement is required when deciding
which cracks should be included in this measurement. For layer 8, the
number of cracks seen in the experiment ranged from 31–40 cracks in
ply 8, while the analysis produced 34 cracks in the same layer. Both the
simulation and the experiment showed the longitudinal splits along the
local fibre direction in the outer layers.

Next, the crack lengths measured in the CT scan, by creating a spline
along each visible crack to compute the length, as shown in Fig. 12, are
compared to the simulation predictions. The predicted crack lengths
were measured in the same way. The sample sizes were 𝑛 = 16 (exp.)
and 𝑛 = 34 (sim.). The average crack length predictions are in good
agreement with Exp. #4. However, the simulation seemed to slightly
under-predict the range of crack lengths seen in the experiment. The
results are summarised in Fig. 12.

4.1.3. Energy absorption and force displacement
The predicted evolution of the energy absorption for the inner

chamfer crush tube is compared with the experimental measurements
in Fig. 13. The time in the prediction is offset slightly to better match
the moment when the impactor comes into contact with the tube.
Initially, the absorbed energy rises more rapidly during the damage
initiation phase until the drop in force at around 𝑡 = 1 ms. Then, as
the stable crushing force drops, the absorbed energy appears to grow
at a slower pace before rebounding between 𝑡 = 3 ms and 𝑡 = 5 ms.
In all experimental cases, the total absorbed energy was around 500 J,
which corresponds to the energy of the impact and is reproduced in the
simulation. Qualitatively, the trend of the predicted energy absorption
history matches the simulations well and the curve appears to fall
within the experimental scatter throughout the duration of the test.

Fig. 13 compares the predicted force–deflection curve with a rep-
resentative experimental result (Exp. #4) to highlight the different
attributes of the results. The prediction shows excellent correlation with
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Fig. 10. Contours of effective plastic strain and IFF damage variables.
Fig. 11. (a) Macroscopic damage mechanisms after ultimate failure from the CT scan (15.3 mm crushing displacement) and simulation (15.5 mm crushing displacement). (b)
Comparison of aligned mesh (left) and regular mesh (15.2 mm crushing displacement) (right).
the experimental results in terms of the overall shape and values for
the peak force, crushing force, and total crushing displacement. In this
example, three stages of the impact event are evident: (i) the damage
initiation, (ii) crushing propagation, and (iii) impactor rebound. The
damage initiation phase is followed by a small load drop before the
force elevates further during the propagation phase. The model seems
to be slightly stiffer than the experiment initially, which may be due
to the slight compliance in the set-up as discussed in Section 2.3.
However, the peak load is well predicted (Sim: 74 kN vs Exp. #4:
66 kN). The load drops prior to the peak seem to be attributed to the
initiation of delamination. After 4 mm of displacement, the crash front
has passed the chamfer and all plies have begun to delaminate and
10
widespread intra-ply matrix splits oriented along the fibre direction are
present. During the propagation stage, the delamination and matrix
cracks continue to grow. The matrix cracks seem to propagate more
slowly than in the experiment, but achieve, on average, the same final
crack length according to the CT based crack length measurements,
which may be due to the stick–slip behaviour of the crack opening
observed in the experiment that was not captured in the simulation. The
lack of a debris wedge in the simulation, caused by element erosion,
could also be a contributing factor. Energy is dissipated mainly through
matrix cracking, interlaminar friction of disbonded plies and the con-
tinued growth of delaminations. The force increases slightly during the
crushing stage until the drop weight rebounds. The predicted shape of
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Fig. 12. Crack length measurements taken from the CT scan and simulation.
Fig. 13. Predicted energy absorption and force–displacement curve compared with experimental measurements for the inner chamfer.
the force–displacement curve during the rebound accurately matches
the experimental curve. While the measured force seems to increase
slightly during the propagation phase, the increase predicted by the
simulation appears to be stronger than observed in the experiment. In
this instance, the maximum displacement is slightly under-predicted, as
the force at the end of the propagation phase seems to be slightly higher
than the measured values. Still, the total crushing displacement in the
simulation was 16.7 mm, which is within the experimental scatter
(avg.: 18.4 mm, CV: 19.5%).

4.1.4. Energy evolution
The main energy dissipation mechanisms are compared in Fig. 14.

The total energy remains nearly constant and the hourglass energy (HG)
is sufficiently small (∼ 10%) compared to the initial kinetic energy (KE)
and internal energy (IE) of the CFRP. Slight variation in the total energy
appears to be a numerical artefact associated with hourglass energy and
non-physical element erosion. The kinetic energy of the drop weight is
reduced as energy is dissipated and transferred into the CFRP. The drop
weight rebounds slightly at the end of the impact event and regains
a small amount of kinetic energy. The principal source of dissipation
appears to occur in the interfaces between both the impactor–CFRP
and CFRP–CFRP at interlaminar fracture surfaces including the internal
energy, frictional dissipation and delamination energy. This highlights
the importance of accurate inter- and intralaminar crack prediction for
realistic behaviour at the interfaces. Furthermore, these results support
the use of detailed, ply-by-ply modelling, where delamination, contact
and friction between delaminated plies can be naturally modelled.
11
A sensitivity study in the following section was performed to illus-
trate/investigate how the accuracy of strength (rate-dependent), energy
release rates, and crack propagation can strongly influence the accuracy
of the overall prediction.

4.1.5. Parameter sensitivity
The influence of the model parameters is investigated in Fig. 15.

The baseline case (4× delam. energy, contact friction, aligned mesh)
from which all previous results were drawn is included as a reference.
Reducing the delamination fracture energy to the reference values for
a single interface reduces the crushing force during the propagation
phase significantly. The crack length and delamination area are both in-
creased. With 4× delamination energy, but frictionless contact between
delaminated plies, the crushing force is elevated, but not sufficiently
to match the baseline results. These results suggest that the interplay
between delamination and friction can have a strong influence on
the energy dissipation. Deactivating rate-dependency in the plasticity
model and failure criteria seemed to significantly reduce the peak force.
The ply splits also increased in length and the crack density increased.

In addition, a case with a regular (non-aligned) mesh was included
for comparison. The peak force and propagation force appear to be rea-
sonable compared to the experiment/baseline case, but the reduction
in force after the peak seems to be missing. The drop weight rebound is
replicated in both the baseline model (4× delamination energy, friction,
and aligned mesh) and the model with the regular mesh, but the other
three cases with the aligned mesh failed to absorb/dissipate sufficient
energy to stop/rebound the impactor. The evolution of the dissipated
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energy is also shown for each case in Fig. 15. Initially, the energy
dissipation from the model without rate effects is under-predicted.
For 1× delam. energy with friction and 4× delam. energy without
riction, the energy dissipation is well predicted through the initial peak
orce, but the rate of energy dissipation is reduced after approximately

mm of displacement and is under-predicted during the later stages
f crushing. The energy dissipated from the regular mesh and baseline
ases are similar throughout the analysis, but the shapes of the curves
re different, with the regular mesh showing a nearly linear increase in
nergy dissipation for the duration of the simulation.

Although the force–displacement and energy dissipation produced
y the regular mesh may be considered acceptable, the damage mech-
nisms do not match experimental observations. The elements at the
rash front are rapidly damaged and eroded without producing the
atrix cracks along the fibre-direction, also seen in Fig. 11(b). The

ncorrect prediction of the failure mechanisms means that the correla-
ion of the drop weight response may be considered coincidental, rather
han the product of sound physical modelling of the impact mechanics.
owever, reproducing the energy dissipation may be sufficient in cer-

ain applications. For the case studied here, a fibre-aligned mesh seems
o be a critical aspect of the proposed modelling approach using the
DM technique, which allows both the fracture pattern and drop weight
esponse to be reproduced.

.2. Outer chamfer

To include an additional test case for further model validation,
he outer chamfer geometry was analysed using the same procedure
s before. To reduce the computational cost, the finite element size
as selected to be 0.8 × 0.4 mm which was shown to yield excellent
amage and energy absorption predictions with the inner chamfer (see
ppendix B). The failure modes in the outer chamfer test are reasonably
ell predicted including the longitudinal ply splits, but the cracks do
ot propagate sufficiently ahead of the impactor as compared to the
xperiment.

.2.1. Energy absorption and force–displacement
The predicted energy absorption history and force–displacement

urves for the outer chamfer crush tube are compared with the exper-
mental results in Fig. 16. In this case, looking at the absorbed energy
urves, the change from damage initiation to stable crushing appears
o be more gradual than in the inner chamfer case, which can be ex-
12

lained by the smaller difference between initiation and stable crushing I
orces. Nevertheless, excellent agreement between the simulation and
xperiment was also obtained for this case, with only the peak force
ppearing to be slightly over predicted while the remainder of the
orce–displacement and energy dissipation curves being well predicted.

. Conclusions

Experimental and numerical analysis of drop weight impact of ±45◦
FRP circular crush tubes was performed in this work. Two trigger
eometries were studied including both inner and outer 45◦ chamfers.
he drop weight force, velocity, and displacement were measured using
IC with a high speed camera setup. Post-mortem CT scans revealed
etails of the crack patterns of the failed composite tubes. A numer-
cal model was developed in LS-DYNA to simulated the composite
rushing event of both chamfer geometries. Ply-by-ply modelling with
fibre-aligned mesh was utilised wherein the intralaminar damage
as modelled with CDM and delamination was treated with cohesive

tiebreak) contact. Eight layers of elements were used to mesh the
ayup where one layer of elements accounted for one ply block (four
lies clustered with the same orientation). The CDM model, previously
mplemented as an LS-DYNA UMAT [44], included a 3D plasticity
odel with rate- and pressure-dependence and damage.

Drop weight testing of the ±45◦ tubes resulted in significant de-
amination and intra-ply damage. The intralaminar matrix cracks were
riented along the fibre-direction and propagated well ahead of the
rop weight. Delamination was observed both between ply blocks and
amina with the same orientation. The measured failure mechanisms
ere well captured by the progressive failure and damage analysis
ccording to qualitative assessment and quantitative measurements of
he crack length and density. Interlaminar friction between disbonded
lies seemed to be one of the largest energy dissipation mechanisms in
he numerical analysis. The simulation showed that the correct com-
ination of delamination fracture energy and friction were required to
roduce and accurate prediction of the response. The input properties
ere physically relevant with minor tuning of the delamination fracture
nergy to overcome the limitations of the numerical discretisation.
xcellent correlation of the energy absorption and force–displacement
urves was also observed. The modelling strategy could be further im-
roved by increasing the number of elements through the thickness to
llow delamination within a ply block at added computational expense.

n the present analysis, a fibre-aligned mesh was a critically important
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Fig. 15. Predicted force–displacement curves and damage at 𝑡 = 1 ms using four different sets of parameters including delamination fracture energy, rate-dependent material model,
and mesh alignment.
Fig. 16. Predicted energy absorption and force–displacement curve compared with experimental measurements for the outer chamfer.
modelling abstraction, which allowed the longitudinal ply splits to be
obtained. A regular meshing scheme produced a reasonable prediction
of the drop weight force–displacement, but the predicted damage mech-
anisms were non-physical wherein all of the elements under the drop
weight were progressively eroded. The fibre-aligned mesh produced
accurate damage predictions and drop weight behaviour (displacement,
energy dissipation, and force–displacement curves).

Overall, the presented results demonstrate the maturity of current
meso-scale modelling techniques for CFRP structures and components.
As long as key deformation and failure mechanisms are included in the
constitutive laws and an adequate mesh discretisation is used, high-
fidelity numerical modelling of this kind is shown to be capable of
capturing the experimental response to a high degree of accuracy.
Along with other recent work in the literature (e.g., [21,23,36,40,
42,63]), the accuracy of the results obtained here, not only in the
specific energy absorption and force–displacement, but also the fracture
morphology, permanent deformation, and residual structural integrity,
shows the great potential of current high-fidelity modelling techniques
13
and represents continued progress towards virtual testing of CFRP
structures and components.
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Appendix A. Constitutive modelling

In order to include strain-rate and pressure effects in the FEA pre-
dictions, the three-dimensional plasticity and damage model from [44,
57] was used to represent the behaviour of the CFRP in the pre-
sented simulations. The model is based on the idea that the same
physical phenomena behind Puck’s failure criterion may also explain
the matrix-dominated nonlinear response observed in UD FRPs. The
rate-dependent plasticity model was developed based on the same
localisation plane concept used in Puck’s IFF theory and, coupled
with three-dimensional rate-dependent failure criteria in a continuum
damage mechanics implementation, showed excellent agreement with
off-axis loading experiments at quasi-static and dynamic loading rates
for the IM7/8552 material used in the present study.

The yield criterion is based on finding the critical localisation plane
that maximises the yield function below:

𝑓 = 𝜎̄
[

𝝈, 𝜃𝑙𝑝
]

− 𝜏𝑦
[ ̇̄𝜖𝑝

]

= 𝛼𝜎𝑛 +
√

𝜏2𝑛1 + 𝑒𝜏2𝑛𝑡 − 𝜏𝑦 [𝜖] 𝑟
[ ̇̄𝜖𝑝

]

= 0 (A.1)

Where 𝜎𝑛, 𝜏𝑛1, and 𝜏𝑛𝑡 are the normal and shear tractions acting
n the localisation plane, as illustrated by Fig. A.1. 𝛼 and 𝑒 are model
arameters that define the shape of the yield envelope, and 𝜏𝑦 [𝜖] and
[ ̇̄𝜖𝑝

]

represent the effects of strain hardening and strain-rate on the
ield stress, respectively.

The localisation plane tractions can be obtained by rotating the
aterial-oriented stress tensor around the fibre direction as follows:
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with 𝑐 = cos [𝜃] and 𝑠 = sin [𝜃]

(A.2)

Isotropic strain hardening is modelled using a combined Voce func-
ion of the equivalent plastic strain, 𝜖𝑝 and the material parameters 𝐴,
1, 𝐵2, 𝐶1, and 𝐶2:

𝑦
[

𝜖𝑝
]

= 𝐴 + 𝐵1
(

1 − exp
[

−𝐶1𝜖𝑝
])

+ 𝐵2
(

1 − exp
[

−𝐶2𝜖𝑝
])

(A.3)

The effect of strain-rate is then added by the following strain-rate
caling function with a single parameter, 𝑟𝑦:
[ ̇̄𝜖
]

= 1 +
√

𝑟𝑦 ̇̄𝜖 (A.4)

Finally, non-associative plastic flow can be defined by choosing pa-
ameters 𝛼𝑔 and 𝑒𝑔 different than the parameters 𝛼 and 𝑒 from Eq. (A.1)

in the flow rule below:

𝑔 𝜎̃ = 𝛼 𝜎 +
√

𝜏2 + 𝑒 𝜏2 (A.5)
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[ ] 𝑔 𝑛 𝑛𝑙 𝑔 𝑛𝑡
Fig. A.1. Schematic view of the plastic strain localisation plane, 1−𝑡, defined by angle,
𝜃𝑦, and the rotated tractions, 𝜎𝑛, 𝜏𝑛1, and 𝜏𝑛𝑡, that define the effective stress for both
the yield and matrix failure criteria [44].

The above plasticity model is then coupled with the following
failure criteria and damage model for each of the main failure modes.

IFF is predicted by Puck’s criterion below:

𝑓𝐼𝐹𝐹

=

⎧

⎪
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≥ 1, for 𝜎𝑛 < 0

(A.6)

Where the frictional parameters 𝑝𝑡 and 𝑝𝑐 can be assumed rate-
independent, and 𝑌𝑇 , 𝑅𝑛1, and 𝑅𝑛𝑡 can be assumed to scale with strain
rate in the same way as the yield stress, following Eq. (A.4), as was
shown in [53].

For fibre tension failure, a simple maximum stress criterion is used,
as it can be assumed to not interact with off-axis stresses and is known
to be rate-independent for CFRP:

𝑓𝐹𝑇 =
𝜎11
𝑋𝑇

≥ 1 (A.7)

Finally, failure under fibre compression loading can be predicted by
the kinking instability theory from Budiansky and Fleck [54]. Here, a
rate-dependent formulation of this criterion is used, which was derived
in [57] from the rate-dependent plasticity model described above.

𝑓𝐹𝐶
[

𝐺12,𝝈, ̇̄𝜖𝑝
]

≥ 1 (A.8)

Following the onset of damage predicted by any of the three pre-
vious criteria, a continuum damage variable is defined below, which
degrades the relevant stiffness properties for each failure mode. Dam-
age accumulated during tensile loading is not allowed to degrade
the stiffness during compression loading to simulate the crack closing
effect.

𝐷 = max
{

0,
𝛿𝐶 (𝛿 − 𝛿0)
𝛿(𝛿𝐶 − 𝛿0)

}

(A.9)

Where, 𝛿 = 𝑙𝑐𝜖𝑒𝑓𝑓 is the effective crack opening displacement
obtained as a function of the characteristic element length, 𝑙𝑐 , and the
effective driving strain, 𝜖𝑒𝑓𝑓 , for the relevant failure mode. 𝛿0 is the
effective displacement at the onset, and 𝛿𝐶 = 2𝐺𝐶∕𝜎𝐶𝑒𝑓𝑓 is the critical

displacement at complete failure, with 𝐺𝐶 being the associated fracture
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Fig. B.1. Mesh sensitivity for three different element sizes with a fixed aspect ratio of 2:1 (inner chamfer results) with damaged states shown 5 ms after impact.
energy and 𝜎𝐶𝑒𝑓𝑓 the critical effective stress. For IFF, the mixed-mode
fracture energy is obtained from the mode I and mode II energies as:

𝐺𝐶 =
𝐺𝐼𝐶𝐺𝐼𝐼𝐶 (1 + 𝜂2𝜆)
𝐺𝐼𝐼𝐶 + 𝐺𝐼𝐶𝜂2𝜆

(A.10)

Where 𝜌 is the mixed mode ratio, and 𝜆 = 𝐸2∕𝐺12 is the stiffness
ratio between opening and shear moduli. Within the CDM framework,
the energy released over the total fracture area must be greater than
the internal energy of the element. In practical terms this puts a limit
on the maximum element size, which can be expressed as:

𝐺𝐶 ≥ 1
2
𝑋0𝛿0 =

1
2
𝑋0

𝑋0
𝐸

𝑙𝑐 (A.11)

This defines the maximum characteristic element length as a func-
tion of the fracture toughness, stress, and strain at the onset of failure,
rewritten above in terms of the strength, 𝑋0, and stiffness, 𝐸, associated
with the relevant failure mode. In the case of rate-dependent strength
properties, as used in the present study, the maximum element size will
decrease as the strain-rate increases.

Finally, for all three failure modes, element erosion is activated
when any of the damage variables reaches 1, indicating complete
damage. In addition, LS-DYNA solver controls were used to delete any
elements with negative volumes due to excessive distortion. However,
since this can compromise the stability of the solution, additional
geometry-based element erosion was included to remove heavily dis-
torted elements that may have escaped the damage-based criteria:

𝐷𝑅𝑛
𝐷𝑅0

≥ 𝐷𝐷𝐿 (A.12)

Where 𝐷𝐷𝐿 is the prescribed the upper limit for the element diago-
nal distortion before it will be deleted, and 𝐷𝑅𝑛 and 𝐷𝑅0 are a measure
of the element diagonal ratio at the current, nth, time increment and
at the start of the simulation, respectively.

𝐷𝑅𝑛 =
max

(

𝑝17, 𝑝28, 𝑝35, 𝑝46
)

min
(

𝑝17, 𝑝28, 𝑝35, 𝑝46
) (A.13)

Where 𝑝𝑖𝑗 are the element diagonals for an 8-node hexahedral
element, computed from the nodal coordinates of nodes 1 to 7 at the
nth time increment.

The calibrated model parameters for IM7/8552 obtained from [44,
57] are given in Table 2.
15
Appendix B. Mesh sensitivity

The mesh sensitivity of the inner chamfer crushing analysis is
shown in Fig. B.1 for three element sizes. Despite the use of mesh
regularisation, some mesh dependence is to be expected with CDM
modelling [64]. The element aspect ratio was fixed at 2:1 (length ×
width) and the in-plane dimensions were scaled by a factor of two or
four relative to the finest mesh density (0.4 × 0.2 mm). The number
of elements through the thickness was maintained at eight. To satisfy
the energy dissipation requirements, the element size should be limited
according to the material properties and characteristic length, which
can lead the fracture energy to be artificially increased for larger
elements. Further information about mesh objectivity in damage mod-
elling can be found in [65–68]. Additionally, the mesh size influences
quality of the discretisation of the circular cross-section of the tube. The
predicted energy absorption and force–displacement curves are within
the experimental scatter for all mesh densities although some differ-
ences can be observed. With the both the smallest and intermediate
element sizes, the failure modes are well predicted. However, for the
coarsest mesh, excessive element erosion is observed under the drop-
weight and the cracks are poorly predicted. In addition, the coarse
mesh showed more significant differences in the predicted behaviour,
with a longer predicted damage initiation phase and greater energy
dissipation during the stable crushing phase, which may be attributed
to the element size issues mentioned above. Compared to the finest
mesh (which required 94 h computation time), the intermediate and
coarse meshes were much more efficient, requiring approximately 10 h
and 2 h computation time, respectively. These results suggest that the
mesh sensitivity is modest and within the anticipated range for this type
of damage modelling.

Appendix C. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.compositesa.2022.107033.
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