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Abstract

This paper investigates the use of z-pinning reinforcement in CFRP tubular structures
under axial impact, to find the optimum design to increase the specific energy absorption
(SEA). Through-the-thickness reinforcement is known as a technique to improve integrity
and fracture resistance in composite materials and structures. Manufacturing and testing
of unpinned tubular structures are conducted to create a base model to validate numeri-
cal results. A finite element model of the tube under dynamic impact is developed using
LS-DYNA software, conducting parametric studies, mesh sensitivity analysis and trigger
modelling research. The proposed z-pinning modelling techniques are researched, and
an energy-based contact model is proposed to model pinned areas. Five different designs
of reinforced tubes are designed and analysed, to find the optimum z-pinned pattern in
terms of SEA. The novelties of this research indicate that z-pinning can improve the SEA
and reduce the initial collapse load during crushing. Our results indicate that the vertical
banded design shows the highest SEA and least initial collapse load values in compari-
son with the unpinned specimen, which indicates an improvement in the crashworthiness
parameters of z-pinned composite tubes.
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1 Introduction

Crashworthiness is defined as the ability of structural components to protect passengers
during an impact event. The energy absorption capability of the material is the most impor-
tant parameter for structural components [1]. In the last decades, many studies have been
made to understand the ability of composite materials to absorb impact energy, especially
when it comes to carbon fibre-reinforced polymer (CFRP) composite materials.

The main reason behind the high energy absorption capability of the polymer composite
materials is related to brittle behaviour which causes a progressive crushing process, domi-
nated by delamination mode I and the formation of continuous fronds or bundles in tubu-
lar structures [2]. Some studies have been made to determine the factors which affect the
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energy absorption capability of composite tubes [2, 4], concluding that the fibre and matrix
materials, laminate design, structural geometry, and trigger mechanisms are the main vari-
ables affecting the specific energy absorption (SEA).

Cauchy Savona et al. [4] concluded that higher Mode-I and Mode-II properties yield
high crushing energies. Ghasemnejad et al. [5, 6] proved that SEA in axial crushing depends
on the interlaminar fracture toughness with a non-linear relationship, which is due to the
fact of the formation of a central inter-wall crack in Mode-I. This theory is reinforced by
some other experimental studies [7-9]. Several technologies such as 3D Knitting, weaving,
and braiding [10-14]; z-anchoring [15]; stitching [16-20] and z-pinning have been devel-
oped to achieve crack growth resistance.

Particularly, in terms of z-pinning, this technology consists of inserting pins in the
stacking direction of the laminate. These pins can be made of metal or pre-preg laminates
which have been processed, with a diameter between 0.28 and 0.51 mm [21]. Two methods
are available to introduce the pins into the laminate. The first one consists of a pressure
plate to insert z-pins during the standards curing cycle [21]. The other method is the Ultra-
sonic Assisted z-Fibre™ (UAZ™), in which the z-pins are introduced by using an ultra-
sonic horn before the curing. This is the most used, and it can be applied to CFRP tubular
structures [21]. The interlaminar fracture toughness for z-pinned laminates has been deeply
studied, especially under Mode-1 and Mode-II [15, 22, 24]. It has been shown that the frac-
ture toughness is linearly increased with the volume content of z-pins, being higher in the
case of G_IC and G_IIC. The impact damage tolerance and fracture toughness properties
are increased with z-pins according to Mouritz [25]. Dickson et al. [26] showed an increase
of 23% in the elastic modulus in the stacking direction with a 1.9% volume content of
z-pins. However, a slight reduction in the in-plane Young’s modulus and strengths has been
reported by Chang et al. [27], mainly attributed to the fibre breakage during the inclusion
of z-pins. Lander [23] studied the effect of a rectangular pattern of z-pins on 3 different
CFRP tubes of 8,12 and 16 plies. It resulted in an increase of 24%, 53% and 76% in the
SEA with higher peak loads, and decelerations.

Various FEM modelling techniques of z-pinning have been used in previous studies;
however, none of them has been implemented in CFRP tubes under axial crushing. Two
main techniques are recognised to model z-pinning: discrete z-pin modelling and Cohe-
sive Zone Modelling (CZM). The discrete z-pin modelling technique introduces model-
ling each z-pin as a discrete solid within the composite material. Generally, a solid mate-
rial is used to model z-pin, with equivalent properties based on experimental testing. A
bonding interface is defined between the laminate and each z-pin. These models were
studied by Mengjia and Puhui [28] and have shown good results under Mode I and 30°
mixed loading, although interfacial strength has shown too high values. Also, 1D truss
elements have been used to model each pin, with a more efficient approach, according
to Blacklock et al. [29]. This technique has shown good results in the literature even for
not simple geometries as for T-joints [30]. However, this is not practical to apply this
method to geometry such as CFRP tubes, since the number of z-pins which must be mod-
elled is excessive.In a similar approach to CZM, the following research is developed to
use energy-based contact definitions to define enhanced delamination properties between
different shells of a reinforced laminate. As explained before, an energy-based contact
model which is defined at the interface between two layers is initially bonded, and after
reaching determining stress, the contact load is linearly decreased until a critical distance
is reached. Liu et al. [31] investigated the effects of Z-pin content and insertion angle
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on the deformation and failure of quasi-isotropic laminates in the thickness direction by
tensile pull-out tests and out-of-plane tensile tests. Local defect characteristics of the
composite laminates when carbon fibre pin needle arrays are inserted were reproduced
to analyse the Z-pin pull-out stresses and failure mechanism. Their results demonstrate
that the decrease can be attributed to the resin-rich zone defect caused by Z-pin insertion
and was not significantly associated with local in-plane fibre buckling. Knapp and Scharr
[32] represented the results of the investigations on in-plane compression properties of
unidirectional carbon-fibre/epoxy laminates with a three-dimensional z-pin reinforce-
ment with circumferentially notched z-pins. According to their results, Young’s modulus
of the z-pinned laminate is not affected by the notching of the z-pins. An influence of
the notch design, depth and distance of circumferential notches on Young’s modulus was
not found in the investigation carried out. Liao et al. [33] investigated the low-velocity
impact behaviours of [0,/90,],5 cross-ply composite laminates by inserting Z-pins with
two different angles 0° and +45° along the thickness direction were compared. Based
on the mechanical characteristics, 0° Z-pinning could improve the resistance to the onset
of penetration by comparing to the +45° Z-pinning. In addition, the effectiveness of 0°
Z-pinning on suppression of delamination damage and internal defects was better than the
+45° Z-pinning at high impact energy.

However, the studies on z-pinned composite tubular structures are limited. This fact
defines the novelty of this research to investigate the effect of various z-pinning patterns
on the energy absorption capability of composite tubular absorbers. This study aims to
investigate the improvement in the energy absorption capability of CFRP tubular struc-
tures by using the z-pinning technique. Due to the high manufacturing costs of z-pinning,
the numerical approach is the most convenient method to investigate different designs of
z-pinning patterns in CFRP tubular structures.

2 Experimental Studies
2.1 Manufacturing of Specimens

Three unpinned CFRP tubes with 80mm height were manufactured to create experimental
data for validation purposes. The procedure of manufacturing is based on hand layup
which is wrapping each carbon/epoxy pre-impregnated ply onto an aluminium mandrel
with a 90mm outer diameter. The carbon/epoxy (XC130 300 g Unidirectional Prepreg
Carbon Fibre with a density of p=1750 kg/m3 and GMS of 12 oz. per square yard) with
a symmetrical 10 plies of [-45/45/0/90/0], and a total thickness of 2.8mm was used in
this study. After wrapping two plies, a de-bulking procedure which consists of a vacuum
cycle with ultrasonic waves sent to the uncured material through an ultrasonic transducer
is performed to ensure a suitable vacuuming process within the laminate. Once the tubes
had been laid-up, they were placed between pre-cut aluminium plates to keep them flat
during the curing process. The plates were pre-treated with a mould cleaner to remove
grease and debris and a monocot wax was applied to prevent escaped epoxy from the
prepreg bonding to the metal plates. The plates were then covered in non-stick polymer
sheets to further decrease the chance of epoxy bonding to the plates. The plates were
placed on either side of the uncured composite, then covered top and bottom with three
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sheets of ‘breather cloth’ and placed inside a heat-resistant polymer bag. The breather
cloth has the appearance of cotton wool and allows air to circulate through the bag pre-
venting the formation of air pockets. The bagging material was cut from a roll and was
opened at either end. A high-temperature, double-sided epoxy tape was used to seal the
ends. Once sealed, an air suction valve is inserted through the bag and a pipe connect-
ing the valve to a vacuum pump. The vacuum pump was used to evacuate the bag, with
the aid of the breather cloth. This has the effect of pressing the aluminium plates tightly
together and forcing the plies of prepreg together, allowing good adhesion between the
plies and eliminating air that could cause voids in the composite. The pressure gauge was
inserted via a second valve to monitor the pressure in the bag. This can be used to ensure
the correct pressure is applied to the bag (following the manufacturer’s guidelines). The
pressure gauge was also used to measure any pressure drop in the vacuum bag once the
pump had been switched off and hence to check if the bag was properly sealed. A trig-
ger chamfer of 45° is machined in each tube. This trigger mechanism has been adopted
according to the literature which gives the best energy absorption in comparison with the
other angles [5, 6]. The geometry of each tube and an image of one of the samples are
shown in Fig. 1. More details of the manufacturing process of composite specimens can
be found in [34, 35].

2.2 Impact Testing

The impact test was conducted by using a drop tower with an impactor mass of 108.4 kg
and a drop height of 2.0 m with a velocity of 7.022 m/s for all specimens. This gives the
maximum kinetic energy of 2672 J. The drop mass was released from a pre-determined
height to initiate and record the load against time until it reaches the impact energy of
2672 J. The hammer then is pulled up by the machine. The initial height of the ham-
merhead is 2m, and the load against the time curve is recorded with a dynamic load cell
recorded with an accelerometer and sampled at 200kHz. The initial setup of the test speci-
men is shown in Fig. 2.

Fig. 1 Test sample geometry definition
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Load direction

Fig.2 Experimental setup @Cranfield Impact Centre (CIC)

2.3 Test Results

The average force and velocity of the test are plotted against the displacement of the
hammerhead as shown in Fig. 3. There are three different zones, starting with an initial
almost linear part from point O to A, where the failure mechanism created by the trigger
governs. After this, progressive crushing is observed between points A to B, in which
the crushing process is stable and a high mean load is obtained. Finally, from points B
to C there is an increase in the load because the debris accumulated in the main central
crack, being this region of the graph is called the ‘compaction zone’.

The main parameters of the impact studies are peak force (F,,,,), mean force (F,,),
maximum displacement (d), Specific Energy Absorption (SEA) defined as the area
under the force-displacement diagram and Crushing Force Efficiency (CFE) as the ratio
between initial collapse force and mean crushing force are presented in Table 1.

The deformed shape of the impacted tubes is shown in Fig. 3. According to the test
results, the failure mechanism is a mainly brittle fracture of the plies during the impact.

The internal and external fronds show both axial and transverse fragmentation in sev-
eral locations, which also contribute to energy absorption. Both internal and external
mid-walls of the tube are separated by the ‘debris wedge’. This wedge is formed because
of the Mode-I crack propagation. Some debris was produced during the impact which is

Table 1 Crashworthinc?ss F, (kN) F. (kN) d(mm) SEA(J/2) CFE(%)
parameters from experimental
results (3 tested specimens) 10342 8942 32+1 5842 8742
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Fig.3 Average test results of experimental studies. (A) initial collapse load and maximum load (F,,,,), (B)
mean force (F,) and (C) final collapse

accumulated at the crack tip, and that is why this region is called a ‘debris wedge’. In
Figs. 4 and 5, the deformed bundles of —45° and 0° plies are presented in Fig. 4.

3 Numerical Modeling

The FE model of the experimental test is developed in LS-DYNA software. According to
Rabiee and Ghasemnejad [21], the best way to model a CFRP tubular structure under
impact is obtained with a double shell configuration. The mesh of the tube is defined by
using Belytschko-Tsai with reduced integration circular shell elements applied to the same
geometry similar to the experimental specimens, whereas the impactor is modelled as a
rigid body, with a total mass of 108.4 kg by using a cubic geometry of 120X 120 x5 mm?.

Delamination

Lamina bundles fracture

ST

Matrix cracking

Fig.4 Top and detailed view of tested specimen
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-45¢ ply bundles

0° ply bundles

Fig.5 Side and bottom view of tested specimen

A mesh sensitivity analysis is conducted both in impactor and tube mesh size, reaching the
conclusion that the results are mesh dependent, and selecting 3 X 3 elements in the tube,
which ensures the right failure mechanisms without increasing the hourglassing. As for the
boundary conditions, the bottom nodes of both inner and outer shells are pinned. An initial
velocity of 7 m/s is defined in the impactor as shown in Fig. 6.

The thickness of the shell elements at the top of each tube is reduced from 1.43mm to
0.05mm to introduce a trigger mechanism to the composite tube. The material card MAT54
which implements the Chang-Chang failure criterion was selected to model the composite
damage model [20, 30, 31]. The material formulation is presented in LS-DYNA User’s man-
ual [36] and studied by Osborne et al. [37]. The elastic or constitutive properties are E,, E,,
G, and v,, are taken from the datasheet of material in [38]. The constitutive properties and
values of MAT54 parameters are presented in Table 2.

To correctly predict the progressive separation between both sub-laminates, One_
Way_Surface_To_Surface_Tiebreak contact is defined, with Option 8 active. This is

2] b <]

Fig.6 The geometry of the FE Model. Inner Shell (Left), Outer Shell (Mid) and Assembly (Right). Two
inner (a), outer (b) shells and (c) isometric view of striker and tube assembly
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Table 2 MATS54, material

properties values [38] E\(GPa) E»(GPa) Gn(GPa) Vi2 Vi (%)
119.3 8.2 3.6 0.34 60
DFAILM DFAILS DFAILT DFAILC SOFT
0.15 0.2 0.06 -0.06 0.8
XC(MPa) XT(MPa) YC(MPa) YT (MPa) S(MPa)
2200 2282 820 54 260

an energy-based contact card, which keeps both shells ended until a maximum normal
(NFLS) or shear stress (SFLS) is reached. To formulate the friction between both shells,
Coulomb friction is used to change from static to dynamic friction [32]. According to
Rabiee and Ghasemnejad [20], in composite crushing simulations, Mode-I fracture is
the dominant mode of failure, and the simplification of pure Mode-I delamination is
reasonable. The tiebreak input parameters to the contact card are shown in Table 3,
whereas static and dynamic friction coefficients are taken as 0.3 and 0.2 respectively.

The contact between the impactor and the CFRP tube is defined by using an Auto-
matic_Nodes_To_Surface contact card, with static and dynamic friction coefficients of
0.3 and 0.2. The hourglass control method is chosen as a viscous form of hourglass
control with a coefficient of 3%. A filter of 180 Hz filter is applied to the results in the
same way as it was found in the experimental test.

The load-displacement curve obtained is shown in Fig. 7. An accurate prediction of
the initial crushing is achieved, with a correct stiffness and initial peak value. After the
initial peak, the drop in the curve is most important than in the experimental test, with a
difference of 25% around 22mm displacements. The load value at the end of the analysis
matches the experimental values. A difference of 18% is observed in the value of final dis-
placement since the drop in the load value after the initial peak leads the tube to a lower
energy absorption capability. The crashworthiness parameters are presented in Table 4.

In Fig. 8, the front and top view of the crushed tube is shown. The double-shell config-
uration does not predict the crushed shape, since the different layers are not modelled indi-
vidually. The failure mechanism is based on ply brittleness and Mode-I fracture between
both shells, and the petal formation is successfully predicted. Some element deletion is
observed to obtain this petal formation. The difference between experimental and FE
results in section a is related to the de-bouncing phenomenon of petals after deformations.

The Mode-I crack propagation is also predicted as can be seen in Fig. 9.

4 Z-Pinning
Since the main effect of the z-pins in the material is to increase the fracture toughness. An
enhanced energy contact card can be defined at the reinforced zone to model the effect

of the pins. This method has the drawback of not having a modifiable formulation and
just the linear relationship that LS-DYNA or other software imposes on the energy-based

Table 3 Tiebreak inputs parameters in FE model

G,c(kJ /m?) NFLS(MPa) SFLS(MPa) PARAM (mm) PARAM/(mm)

0.2 25 55 0.016 0.08
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Table 4 Comparison between
experimental and numerical
studies

FpekN) F,(kN) d(mm) SEA(J/g) CFE(%)

Exp 103 89.6 32 58 87
FEM 102 58.3 37 49 84
Difference (%) 1.5 4.9 18 15 3.5

contact card. This approach has been used in the literature to model other through-the-
thickness reinforcements in CFRP, such as stitching applied to CFRP tubes under axial
impact, showing a good accuracy concerning experimental results [20, 31].

4.1 Reinforced Model Description

By analysing the available modelling techniques, the author decides to model the z-pinning
reinforcement with an energy-based contact, since good results have been obtained in previ-
ous stitched models. Furthermore, because the interlaminar fracture was assumed to be pure
Mode-I under the axial crushing impact, this energy-based contact was found sufficient to
model z-pins. Because of time constraints, DCB and ENF tests could not be conducted, and
an estimation of the enhanced fracture toughness is defined based on the literature data.
According to Mouritz [27], for a volume content near 1, the value of G, is increased by 8
times, whereas Gy~ value is increased by 3 times. In the same way for the unpinned model,
pure Mode-I interlaminar fracture is assumed. Two different zones are defined in the One_
Way_Surface_To_Surface_Tiebreak contact: a reinforced zone, with the same tiebreak defi-
nition as in the unpinned model; and a reinforced zone, where G- is increased by 8 times
by increasing the PARAM value with NFLS and SFLS constants. A DCB test simulation is

Experimental Results

FE Results —_—

100

Force (kN

8] S 10 15 20 25 30

Displacement (mm)

Fig. 7 Comparison between experimental and FE results
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Fig.8 Comparison between FEM and experimental crushed morphologies

conducted for both unpinned and z-pinned tiebreak parameters. In Fig. 10, both deformed
shapes at the end of the simulation are shown, as well as the load-displacement curve. The
reinforced model has a higher load carrying capacity, with a higher displacement applied

Fig. 9 Mode-I interlaminar crack propagation, (a) FEM and (b) Experimental results
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Fig. 10 Comparison of DCB deformed shape (left) and load-displacement curves (right)

until the crack propagates. The curve is similar to the experimental results obtained by
Cartié and Partridge [24].

4.2 Z-pins Pattern Designs

Five different designs of z-pinned CFRP tubes are proposed, which are shown in Fig. 11.

Uniform: A rectangular band with the same pin volume content, i.e., with the
same increase in G- value. The band is applied at a distance of 6 mm from the top
of the specimen to obtain a progressive crushing. Horizontal banded: Three differ-
ent bands with the same height are reinforced. All bands have the same pin volume
content. Vertical banded: Vertical strips of the same width and height are reinforced
with the same pin volume content. Increased: A rectangular band is reinforced but by
increasing pin volume content. Thus, three different bands are defined: the first one
with Gy = (8/3)Geynp. the second one with Gy = (16/3)Gcynp and the third one
with G, = 8G;cynp. Decreased: The same basis as ‘Increase’ is followed, however, the
bands have a decreasing pin volume content.

| UNIFORM |

Tl6mm

27 mm

INCREASED |DECREASED

1S

@
)

S8

Fig. 11 Proposed reinforced designs of z-pinned specimens
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5 Results and Discussion

The results obtained for each design are presented and compared with the unpinned
design. To help the reader easily differentiate the results, the curves and crushed mor-
phologies have been split into two Figs. 12, 13 and 14. The ‘uniform’ design reduces the
drop after the initial peak in comparison with the unpinned design, and the compaction
zone is less significant. In the crushed morphology, higher ply bending is observed in
the initial stages of the impact (see detail in Fig. 12), although the most important fail-
ure mechanism still is the petal formation and ply brittleness.

The ‘horizontal banded’ design leads to a progressive crushing which does not show
a significant drop after the initial peak, which is a better result in terms of crashworthi-
ness. On the other hand, the ‘vertical banded’ shows the same initial drop similar to
unpinned design, although the final compaction zone is not as significant. Both banded
designs show good failure mechanisms during the whole analysis, even with less ply
bending in comparison with unpinned design.

The ‘increased’ and ‘decreased’ designs show behaviour which is, in shape as
was expected. Therefore, the ‘increased’ model shows a lower initial strength at the
beginning of the analysis, and it rises when the impact advances. On the other hand,
the ‘decreased’ design shows a higher initial peak at the beginning, and a progressive
reduction of the strength when the impact advances. As for the crushing process shapes,
the ‘increased’ design shows higher ply failure at the bottom of the tube (see detail 1 in
Fig. 14), and ply bending is observed in the ‘decreased’ design (see detail 2 in Fig. 14).

It can be concluded that a higher increase of the G, value at the top of the specimen,
such as in ‘uniform’ and ‘decreased’ designs, leads to a ply bending failure mechanism,
whereas other designs show a better progressive petal formation.

The crashworthiness parameters are presented in Table 5. The maximum force is
reduced in all the designs concerning the unpinned tube since this maximum force is

== Unpinned —Uniform Horizontal Banded Vertical Banded

120
100 o=
a0

Bl

Force (kN)

40

20

0 5 10 15 20 25 10 15 40

Displacement (mm)

Fig. 12 Comparison of load-displacement curves, z-pin designs (I)
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UNPINNED

Compaction zone ‘

H-BANDED

V-BANDED

Fig. 13 Z-pinned crushed morphologies (I)

reached in the compaction zone, not in the initial peak. The ‘horizontal banded’ has a
lower initial peak which shows a lower maximum force at the end.

The highest value of mean load was observed in the unpinned design, while the mini-
mum mean load was obtained in the ‘decreased’ design (21.98% lower than unpinned).

== Unpinned —Decreasing Increasing

120

100

Force (kN)
p2A 8

-

20

0 5 10 15 20 25 30 35 40
Displacement (mm)

Fig. 14 Comparison of load-displacement curves, z-pin designs (II)
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UNPINNED

INCREASED

DETAIL 1

DETAIL 2

DECREASED

Y

Fig. 15 Z-pinned crushed morphologies (II)

However, the values of SEA are similar, being the optimum the ‘vertical banded’ design
(4.49% higher than unpinned), followed by the ‘increased’ design (2.61%). The highest
value of CFE is obtained with the unpinned model, followed by the ‘increased’ design, and
the least value of CFE is assigned to the ‘decreased’ design (see Fig. 15).

6 Conclusions

This study has focused on the z-pin reinforcing technique applied to CFRP tubes under
axial impact, to maximize the SEA value and have an enhanced crashworthiness perfor-
mance. The following facts have been concluded from this study.

1. Manufacturing and experimental testing of unpinned tubes were successfully conducted,
analysing the results, and developing deep knowledge about the failure mechanism
which absorbs energy during the impact. The experimental data was used to validate
numerical results.

2. A numerical model based on double-shell configuration was developed in LS-DYNA, by
performing a deep parametric study, mesh sensitivity analysis and trigger mechanism study.

3. The model has been validated, with good failure mechanism prediction, and with a
maximum error of 10% (see Fig. 7). Our results indicate that z-pinning improves the
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Table 5 Comparison of FpukN) F,(kN) dmm) SEA(J/g) CFE%)

crashworthiness parameters for

various z-pinned designs Unpinned 101 85 37 49 84
Uniform 95 71 37 50 75
H-Band 96 73 37 50 76
V-Band 94 73 37 52 77
Increased 93 75 37 51 81
Decreased 100 67 37 51 67

SEA in all designs and reduces initial collapse load in comparison with the unpinned
samples (see Table 5).

4. Current z-pinning modelling techniques have been researched, and an enhanced energy-
based contact has been used to model the z-pin reinforcement. Five different designs
have been studied.

5. The ‘Vertical banded’ design shows the highest SEA and least initial collapse load
values in comparison with the unpinned specimen, which indicates an improvement in
crashworthiness parameters of z-pinned composite tubes.

6. The V-banded design allows the formation of axial cracks between the pinned areas.
This phenomenon reduces the initial resistance of the composite tube against the load
at the beginning of the crushing process and leads to a lower initial collapse load in
comparison with other designs [3, 23].
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