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Abstract 

Current methods for designing Formula One (F1) crash structures are mainly based on costly iterative 

experiments, aimed at minimising the component mass and maximising driver safety. This paper assesses the 

simplified block approach used in F1 to computationally predict crashworthiness. Quasi-static and dynamic 

crush experiments of flat and tubular coupons are presented, to generate data for the modelling of a F1 Side 

Impact Structure (SIS). The crushing efficiency of these coupons is found to be dependent on geometry, ply 

orientation, and crushing velocity. This modelling strategy yields results which compare favourably with those 

obtained from the quasi-static and dynamic experimental testing of a full-scale SIS, but also highlight areas 

which require further work to improve accuracy.  
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Abbreviations and nomenclature 

2D, 3D   2-dimensional and 3-dimensional 

5HS    5-Harness-Satin 

�    specimen cross-sectional area 

BC    Boundary condition 

CAD   Computer-Aided Design 

CDM   Continuum Damage Mechanics 

CFRP   Carbon Fibre Reinforced Polymer 

CIC    Cranfield Impact Centre 

CNC   Computer Numerical Control 

�    internal tube diameter 

DYN   dynamic 

�    load 

FE    finite element 

F1    Formula One 

�    crushed mass of the Formula One Side Impact Structure 

QS    quasi-static 

�    crushing length 

���    specific energy absorption 

SIS    Formula One Side Impact Structure 

S3R, S4R   triangular and quadrangular reduced-integration shell elements 

�    laminate thickness 

TTT    triangular through-thickness 

UD    unidirectional 

	
    velocity of the crushing plate 

VUMAT   user defined material for Abaqus®/Explicit 

VUSDFLD  user defined field for Abaqus®/Explicit 

�    stress 

��    crush stress parameter 
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1. Introduction 

 Over the years, motorsport, including Formula One (F1), has experienced tragic incidents with the loss of 

life of both drivers and spectators. While the latter have been easier to protect, through the erection of fences 

and the strategic location of spectator stands away from the track, the drivers are still subjected to potentially 

fatal crashes. One of the major safety improvements in F1 has been the introduction of carbon fibre composite 

crash structures [1]. These structures, found at the front, rear, and sides of each car, are designed to absorb 

energy during crash events, and thus protect the driver. F1 structures involve complex 3D geometries due to 

aerodynamic requirements, making their energy absorbing capacity more challenging to design for.  

 

 F1 composite structures are costly to produce, and they need to be experimentally certified before 

deployment. The certification of crash structures is more complex than that of other components since the use 

of a safety factor cannot be applied in crashworthiness. An overly conservative crash structure design, apart 

from being unnecessarily heavy, could prove fatal, by subjecting the driver to excessively large decelerations. 

More often, engineers risk having less conservative crash structures, as they seek ways to reduce their mass. 

This could still prove fatal, if the structure does not absorb enough energy during crushing, allowing the 

driver’s safety cell to bear the brunt of the impact. Thus, such structures are meant to operate within tight 

performance limits of energy absorption and need to be properly designed. This problem is further 

exacerbated for the front and rear F1 crash structures, which also need to perform as load bearing components 

[2]. The first step towards improving the design methods of crash structures is to understand the manner in 

which current structures crush, mainly by identifying the governing failure mechanisms.  

 

 Several studies have attempted to assess the crashworthiness of carbon fibre reinforced composites, by 

testing coupon specimens and identifying their failure mechanisms. Different coupon designs and loading 

fixtures have been tested, including both open section (e.g. flat [3–7], corrugated/sinusoidal [8,9], C-channels 

[10,11], semi-circular [8,12]) and closed section (e.g. round tube [13–16], square tube [11,17,18], double hat 

[19]) geometries, for a variety of unidirectional (UD), 2D, and 3D woven and braided architectures. The 

effects of different triggers [5,7,20,21] and plug initiators [22,23] on the development of different failure 

mechanisms have also been extensively investigated. Conflicting results have been reported on the effects of 

dynamic crushing on the Specific Energy Absorption (SEA) of materials. The measured SEA of various 

coupons has been reported to increase [14,18], decrease [4,12,24,25], or even remain constant [14,15] under 

dynamic loading, when compared to quasi-static testing. However, SEA is known to be a structural property, 

and not just dependent on the material [5]. It is a function of the material (fibre, resin, and architecture), layup, 

coupon geometry, loading fixture, and crushing velocity. Furthermore, it is not always a geometrically 

scalable property [17]. 

 

 Savage et al. [2] presented the results of an F1 rear impact structure subjected to crush conditions. At that 

time (2003), composite crash structures were already being designed, certified, and put to use in F1 cars. 

However, their design method for crashworthiness was very empirical, since the simulation tools available to 
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F1 teams were not yet developed for modelling composite crushing [2]. Furthermore, they used quasi-static 

crush testing in their iterative design process, as a means of evaluating the crash structure performance, before 

finally performing a more costly dynamic test to acquire certification. There was no mention whether the 

quasi-static and dynamic tests performed differently. They also performed tubular coupon crush tests to assess 

the specific energy absorption of the materials available. Since then, simulation tools have been improved, 

with macro-scale level material damage models being made commercially available, and these are now being 

adopted by industry for crashworthiness modelling [26–28]. However, these models still require semi-

empirical material data to model crushing. This data is usually obtained from coupon testing, and is dependent 

on laminate layup, coupon curvature, and crushing velocity [26]. Thus, a large number of coupon tests need to 

be performed to model a complex structure, and there is no certainty that the crushing behaviour of a small 

coupon reflects structural behaviour. Due to this uncertainty, there is no consensus on the coupon geometries 

which should be tested in order to provide material crush parameters into the crush simulations of complex 

structures. Bisagni et al. [29] also presented experimental dynamic crush results of an F1 crash structure. 

However, no details were provided on the material properties, possibly due to confidentiality reasons, which 

could have allowed the crush simulation results to be benchmarked. 

 

 The mandatory crash structure currently used on the sides of each F1 car, known as a Side Impact 

Structure (SIS), is based on a homologated design. This ensures that all teams need to use the exact same SIS 

design and material, unlike the front and rear crash structures which are developed by the individual teams. 

The SIS is a small monolithic component and is easier and cheaper to manufacture when compared to the 

other F1 crash structures, which are usually larger sandwich laminates with honeycomb cores. This also 

makes the SIS easier to simulate, and an ideal representative specimen to benchmark simulation tools. 

 

 This paper presents the experimental uniaxial crushing of a standard upper SIS, tested at both quasi-static 

and dynamic rates, in order to assess whether such CFRP structures exhibit a rate-dependent specific energy 

absorption. Flat and tubular coupons were experimentally tested, to obtain geometry-dependent crush stress 

parameters [26,27], since the SIS geometry includes a range of curvatures, which could promote different 

crushing modes [26]. The crush stress parameters were then used for macro-scale (laminate-level) crush 

simulations of the SIS, generated using the software package Abaqus® [30]. These quasi-static and dynamic 

Finite Element (FE) crush simulations made use of an Abaqus® in-built orthotropic composite damage model 

[31], combined with the CZone add-on to capture the crushing behaviour at the crash-front of the SIS. In 

summary, this paper presents a comprehensive set of experimental data which can be used to develop a 

benchmark for numerical predictive tools for structural composite crushing. This paper also aims to start off 

this benchmark by assessing the current numerical approach being taken by F1 teams, and highlighting its 

current shortcomings. 
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2. Experimental testing and results 

2.1 Geometries, material, and manufacturing 

 The homologated SISs of current F1 cars are manufactured from a balanced 5-Harness-Satin (5HS) 

woven CFRP which was characterised in previous work [32,33]. There are actually two SIS design variants on 

each side of an F1 car, referred to as upper and lower [34], each composed of a different number of plies. 

These two SIS variants are located in the base and at the top of each side-pod, respectively (refer to Figure 

1b). In this study the upper SIS design was investigated, since it required less material to be made. This 

structure is composed of 14 plies at its base. The layup tapers through a 6 ply drop-off, at a rate of 1 ply every 

3 mm, leaving 8 plies within its entire crushing region of 277 mm (see Figure 2b). The layup for the SIS was 

[+45°/0°/+45°/-45°/-45°/+45°/0°/0°/-45°/90°/90°/-45°/0°/+45°], where the drop-off plies 2-7 are in bold. 

Please note that each angle refers to the fabric warp direction. The layup in the crushing region is [+45°/0°/-

45°/90°]S with a nominal thickness of 2.4 mm. 

 

 

 
Figure 1 – (a) Position of crash structures within an F1 car; (b) upper and lower Side Impact Structures in an F1 side-pod (with the 

body-work removed) (adapted with permission from [35]). 



6 
 

Figure 2a presents a schematic of the inboard and outboard layups of the SIS, including the ply numbers. 

The ply seams were located at a different position for each ply, in order to minimise the seam effect. This 

figure also highlights the presence of an internal rib, constructed from plies 13 and 14. The layup of the SIS 

starts with two internal male moulds, around which plies 14, and then 13, are draped. These two moulds are 

then brought together, forming a 4-ply internal rib. The remaining 12 plies are then draped around the joined 

moulds, on top of plies 13 and 14. Figure 2b presents an axial cross-section of the SIS, highlighting the six ply 

drop-off near the base of the structure. 

 

 
Figure 2 – (a) Representative layup schematics of the inboard and outboard ends of the SIS; (b) cross-sectional view of the SIS, 

including the 6 ply drop-offs (all linear dimensions are given in mm). 

 

Due to the complex geometry of the SIS, each prepreg ply was cut using a CNC cutter, as normally done 

for such components. The structures were cured in an autoclave, following the recommended curing cycle. A 

45° chamfer trigger was machined at the top end of each SIS, in order to promote progressive crushing. After 

trimming, each cured SIS had a nominal mass of 0.34 kg. Figure 3a presents a trimmed SIS, shown from the 

side and bottom perspectives, for better visualisation. Each SIS was then mounted in a plastic base (Figure 

3b), machined from solid resin, in order to allow the structures to be clamped in both quasi-static and dynamic 

experimental setups. The structures were fixed in these mounting bases using an epoxy adhesive. The top of 

the mounting base reached up to the start of the ply drop-off region. 
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Figure 3 – Trimmed Side Impact Structure: (a) side and bottom views; (b) structure mounted in a resin base. 

 

Flat and tubular coupons were also manufactured, in order to assess the crushing performance of the 

material at a coupon level, and to observe any possible geometrical effects on the crushing modes and energy 

absorption. All coupons were 8 plies thick, to match the thickness of the crushing region of the SIS (nominal 

thickness, � � 2.4 mm). The tested coupon layups were [0°/90°]2S, [+45°/-45°]2S, and [+45°/0°/-45°/90°]S, the 

latter present in the crushing region of the SIS. These layups were tested in order to assess the influence of the 

ply orientation on the crushing performance of the material.  

 

The flat coupons were cut from rectangular laminates, while the tubular coupons were cut from long tubes 

which were cured around a steel mandrel. Both coupon geometries necessitated the use of a trigger in order to 

initiate progressive crushing. The flat coupons were designed based on the crush coupon geometry proposed 

by Bru et al. [7], with a 300 TTT (triangular through-thickness) trigger, albeit, in that work, UD composite 

specimens were tested. Since the repetitive unit cell of the woven material (8 mm square) is significantly 

larger than that of a UD, the flat specimens tested here were larger than the ones tested by Bru et al. [7], in 

order to capture a better representation of the progressive crushing of the woven laminates. The detailed 
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geometry of the flat coupons is presented in Figure 4a, including a 63.5 mm gripping length for the specimen 

to be held in the fixture. The internal diameter of the tubes, �, was chosen to be 32 mm, as a close 

approximation to the curvature at the top of the SIS.  These tubes, 60 mm in length, had a 45° bevel/chamfer 

trigger, machined at the top edge, to promote crushing. This trigger was chosen over tulip shape triggers found 

in literature [15], since it was easier to machine. The closed section tube, presented in Figure 4b, was chosen 

since it is a free-standing geometry that does not require support during testing, and because the closed section 

avoids any free edge effects. 

 

 
Figure 4 – (a) Flat coupon geometry schematic; and (b) tubular coupon cross-sectional geometry schematic. 

 

2.2 Experimental test setups 

2.2.1 Quasi-static test setups 

Coupons 

 The quasi-static flat and tubular coupons were tested using an electromechanical test machine equipped 

with a 100 kN load cell and a fixed head compression platen, under displacement-controlled loading at a rate 

of 2.5 mm/min. The flat coupons were supported during the test by means of a fixture, as shown in Figure 5a. 

The clamping bolts of this fixture were finger-tightened, followed by a quarter turn using a hex key. This 

ensured the fixture would not open during testing, while making sure to avoid damaging the clamped surfaces 

of the coupons. The unsupported length of the flat coupons was 23.67 mm (8.67 mm of trigger length and 15 

mm for constant cross-section crushing). The tubular coupons were self-supported and did not require a 

supporting fixture. They were crushed using the setup shown in Figure 5b. For the flat coupons, the tests were 
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stopped after 20 mm of crushing, to avoid contact between the fixture and the loading platen, while the tubular 

tests were stopped after 30 mm of crush. Four flat and four tubular coupons were tested for each of the three 

layups. 

 

 
Figure 5 – Quasi-static test setups for the: (a) flat coupons; (b) tubular coupons; and (c) the Side Impact Structure. 

 

Side Impact Structures 

 The quasi-static crushing of the SISs was performed in a similar electromechanical test machine, 

equipped with a 250 kN load cell, with a 25 mm/min displacement-controlled loading rate. This speed was 

chosen in order to not make the test excessively time consuming, while staying within the quasi-static regime. 

The tests were stopped after 250 mm of crushing. The quasi-static test setup of the SIS is shown in Figure 5c. 

Three SISs were tested under quasi-static crushing. The outer surface of the SISs was painted orange in order 

to be able to observe the crush progression more clearly.  

 

2.2.2 Dynamic test setups 

Coupons 

 A drop weight tower was used to dynamically crush the flat and tubular coupons. This testing was 

performed at the Cranfield Impact Centre (CIC). The flat coupons were supported using the same fixture as 

done for the quasi-static tests. The tubular coupons were again left unsupported. For both the flat and tubular 

coupon tests, a load cell was placed beneath the coupons, in order to measure the load, at a sampling rate of 20 

kHz. A 26 kg drop weight was used to crush the tubular coupons, while a 6.5 kg mass was used for the flat 

ones, due to the lower volume of material to be crushed in the latter. The target velocity at impact was set to 7 

m/s for both coupon types (the maximum achievable using this drop tower). Using this impact velocity and the 

respective drop weights, the flat coupons were completely crushed, while an 18 mm crushing length was 

obtained for the tubular coupons. Four flat and four tubular coupons were tested for each of the three layups. 
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Side Impact Structures 

 The dynamic crushing of the SISs was also performed at Cranfield Impact Centre. Due to the significant 

amount of energy required to crush a SIS, the test could not be done using the drop tower used for the coupon 

tests. Instead, a sled impactor was used, with a mass of 780 kg (see Figure 6b), with a target impact velocity of 

10 m/s (equal to the test velocity required for F1 certification). Due to the cost of each crush experiment, two 

SISs were crushed in the same test run. The experimental setup of the two SIS is shown in Figure 6a, 

including the plastic mounting and metal support structure. Separate load cells were used to measure the 

crushing load for each SIS (see Figure 6c), with a sampling frequency of 20 kHz. High speed cameras were 

placed at the top and side of the SISs, to track their dynamic crushing. 

 

 The actual F1 dynamic experimental certification test for these SISs is performed at an oblique crushing 

angle, rather than a uniaxial one. This ensures that these crash structures are effective in an off-axis loading 

crush scenario. In order to simplify the quasi-static loading test setup, and to be able to compare its result to 

the dynamic test, the SISs were crushed axially for both loading regimes. 
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Figure 6 – Dynamic setup for Side Impact Structure (SIS) crushing: (a) two SISs mounted on a metal support structure; (b) 780 kg sled 

impactor; (c) two separate load cells to measure the individual crushing loads of both SIS. 

2.3 Experimental results 

2.3.1 Coupons 

Quasi-static flat coupons 

 The quasi-static [0°/90°]2S flat coupons crushed in a stable progressive manner. Splaying was found to be 

the predominant damage mode, while some ply fragmentation was also observed for the central plies of the 

coupons. The crushing debris of the inner plies forced the outer plies to be bent outwards. Delamination fronts 

were created between the two outermost plies on each side of the coupons. As the amount of debris in the 

central region increased, and the outermost plies offered less support, more of the inner plies started to bend 

outwards in a similar manner to the outermost plies (as seen in [36]). After a significant progression of the 

crash-front, all of the plies ended up being bent outwards, with a central debris wedge being progressively 

forced to delaminate the plies beneath it. This debris wedge can be observed in Figure 7, together with the 

central delamination front that forms beneath it. The crushing mode of these coupons was observed to change 

progressively from ply fragmentation to splaying. The early ply fragmentation, which mainly involves 

intralaminar damage, is a more efficient energy absorption mechanism than interlaminar splaying [36]. This 
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was corroborated by a progressive decrease in crushing load as splaying became more predominant. The 

various stages of crushing for a typical [0°/90°]2S coupon are shown in Figure 8, presented from two viewing 

angles, including: (a) the start of the test; (b) outer ply bending and initial delaminations; (c) initial bending of 

the inner plies, and; (d) splaying of all plies with a central debris wedge. 

 

 

 
Figure 7 – Crushed [0°/90°]2S flat coupon: (a) with central debris wedge; and (b) with debris wedge removed. 

 

Coupons made from the other two layups buckled during the crushing of the triangular trigger, as can be 

observed in Figure 9. The flat coupons for these layups were then shortened by 15 mm, leaving only the 

triangular trigger exposed above the top of the fixture. The trigger of these specimens was then pre-crushed, 

using the same fixture and setup. After this initial pre-crushing, the specimens were unloaded, the fixture was 

opened, and a 15 mm spacer (made from the same laminate) was placed beneath the specimen, to achieve the 

original specimen height. The [+45°/-45°]2S and [+45°/0°/-45°/90°]S coupons with a pre-crushed trigger were 

then crushed in a similar way to the [0°/90°]2S coupons, where ply splaying again became increasingly 

predominant as the crushing progressed. With the pre-crushed trigger, no buckling instability was observed. 
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Figure 8 – Progressive quasi-static crushing of a [0°/90°]2S flat coupon: (a) start of the test; (b) outer ply bending and initial 

delaminations; (c) initial bending of the inner plies; (d) splaying of all plies with a central debris wedge. 

 

 

  
Figure 9 – (a) Buckling of the [+45°/-45°]2S and [+45°/0°/-45°/90°]S flat coupons during quasi-static crushing; (b) asymmetric splaying 

due to buckling. 

 The stress during crushing, �, was calculated from the load, �, divided by the full-width rectangular 

cross-sectional area, �. For these flat coupons, � was equal to 72 mm2 (30 mm width, 2.4 mm thickness). The 

results for all coupons are presented in Figure 10.  

 

The stress observed during the crushing of the [0°/90°]2S coupons showed a tendency to decrease as the 

crush progressed beyond the peak at the end of the trigger. Interestingly, the stress of the pre-crushed [+45°/-
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45°]2S and [+45°/0°/-45°/90°]S coupons was, on average, higher than the one observed for the [0°/90°]2S 

coupons. The [+45°/0°/-45°/90°]S coupons also presented higher variability in results. A crush stress 

parameter, ��, was calculated for the coupons of the different layups, in a constant cross-section crushing 

region. It was calculated as the average crush stress between the 10 mm and 17.5 mm displacement values 

(highlighted using dashed orange lines in Figure 10). These average crush stress values and their standard 

deviations are listed in Table 1.  

 

It is not known whether steady-state crushing was achieved within the crushed coupon lengths, or 

whether a further reduction in crushing load would be observed with a coupon having a longer crushing 

length. Furthermore, as shown from similar crush coupon tests in literature [5,26], there is a tendency to either 

overestimate the crush stress parameter by having a short unsupported length which over-constrains the 

coupon, or to buckle the coupon by having a long unsupported length, as seen for two of the layups tested 

here. Future improvements should include testing significantly longer flat coupons in a test setup which allows 

the unsupported coupon length to remain constant throughout the test, by having the coupon slide out of the 

fixture to crush against a plate at a fixed distance, as suggested by Barnes [37]. This would help avoid the 

need of pre-crushing specimens, by allowing the unsupported length to be adjusted, and it would allow testing 

longer coupons where a plateau value of the crush stress could be more easily identified. 

 

 

 
Figure 10 – Crushing stress for the quasi-statically tested flat coupons of the three layups. Dashed orange lines indicate the start and 

end of the region over which the crushing stress values were averaged. 

 

 

 

Table 1 – Quasi-static averaged crush stress values for the flat coupons of the three different layups. 

Layup Average crush stress [MPa] Standard deviation [MPa] 

[0°/90°]2S 93.7 9.2 

[+45°/-45°]2S 117.9 6.75 

[+45°/0°/-45°/90°]S 118.0 18.9 
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Quasi-static tubular coupons 

 The quasi-static [0°/90°]2S and [+45°/0°/-45°/90°]S tubular coupons crushed in a stable progressive 

manner. The mode of crushing was very similar to the one observed in the flat coupons, where initial ply 

fragmentation developed a central debris wedge along the entire circumference of the tubes. The outer plies 

then proceeded to splay. A steady-state crushing process developed once all eight plies had splayed. The 

quasi-static [+45°/-45°]2S tubes did not crush progressively, and experienced a shear dominated failure away 

from the crash-front. Hence, the crushing results obtained for this layup were deemed invalid. A qualitative 

comparison of the quasi-static crushing for the four tubes for all three different layups is presented in Figure 

11.  

 

 
Figure 11 – Quasi-statically crushed tubular coupons for the three different layups. 

The stress during crushing, for these tube specimens, was calculated in a similar way to the flat coupons, 

where the nominal cross-sectional area was equal to � � ��� � ��� �259.4 mm2. These stresses are shown in 

Figure 12. The average values and standard deviations of these crush stresses, listed in Table 2, were 

calculated between crushing displacement values of 10 mm and 20 mm (highlighted in dashed orange lines in 

Figure 12b). The average quasi-static crush stress values obtained from the tubular coupons, for the [0°/90°]2S 

and [+45°/0°/-45°/90°]S layups, was on average 80% and 49% higher than the values obtained from the flat 

coupons, respectively. Furthermore, the average crush stress of the [+45°/0°/-45°/90°]S tubes is slightly higher 

than that observed for the [0°/90°]2S tubes, similar to what was observed by Feraboli [6] for corrugated 

coupons. 
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Figure 12 – Crushing stress for the quasi-statically tested tubular coupons of the three layups. Dashed orange lines indicate the start 

and end of the region over which the crushing stress values were averaged. 

 

Table 2 – Quasi-static averaged crush stress values for the tubular coupons of the three different layups. 

Layup Average crush stress [MPa] Standard deviation [MPa] 

[0°/90°]2S 169.0 5.8 

[+45°/-45°]2S - - 

[+45°/0°/-45°/90°]S 176.2 6.6 

 

  

 
Figure 13 – Top view of a typical crushed [0°/90°]2S tubular coupon, highlighting the central debris wedge, tow split lines and the 

fronds that form between these split lines. 

 

Although splaying was dominant in the crushing processes of both the flat and tubular coupons, the latter 

offered a greater resistance to the progressing crash-front. Unlike in the flat coupons, as the tubular crushing 

progressed and the plies splayed, the hoop stress in the fibre tows that were oriented circumferentially around 
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the tubes, increased (as described in [36]). Thus, in order for the splaying to progress further, these tows 

needed to fracture, in tension for the outer splaying plies, and in compression for the plies splaying towards 

the centre of the tube. These splits occurred at multiple locations around the circumference of the tubes, 

causing tearing and forming several individual fronds, as shown in Figure 13. The plies splaying inwards also 

offered a further increase in energy absorption due to the extra friction generated, as the inner splaying fronds 

were forced to crush into each other. 

 

Dynamic flat coupons 

 The dynamically tested [0°/90°]2S flat coupons crushed in a stable progressive manner, similar to their 

quasi-static counterparts. Splaying was again found to be the predominant damage mode once the crush 

progressed. Due to the instability observed during quasi-static crushing of [+45°/-45°]2S and [+45°/0°/-

45°/90°]S flat coupons, the same pre-crushing approach was adopted. These coupons were cut 15 mm short, 

pre-crushed under quasi-static loading, and then tested in the drop weight tower setup, with the 15 mm spacer 

beneath them in the fixture. The crush stress results for the three different layups are presented in Figure 14. 

There was a pronounced difference between the response of the [0°/90°]2S coupons and the pre-crushed 

[+45°/-45°]2S and [+45°/0°/-45°/90°]S coupons. The overall trend of the crushing loads of the [0°/90°]2S 

coupons was similar to that observed for the quasi-static tests, albeit of a lower magnitude. A peak load was 

reached once the trigger had been completely crushed, and then the crushing load remained stable until the 

coupon was fully crushed and the impacting mass struck the fixture.  

 

The load response for the [+45°/-45°]2S and [+45°/0°/-45°/90°]S flat coupons exhibited oscillatory 

responses, similar to what was observed by Lavoie et al. [4]. This could be attributed either to a dynamic 

instability of the coupons during crushing, movement or vibration of the fixture itself (since it was not 

clamped down on to the load cell), or a dynamic interaction between the testing machine and coupon. These 

oscillations could also reflect the material behaviour, with sudden progressive jumps in the delamination 

progression. Further studies need to be conducted on this method of dynamic flat coupon crushing, in order to 

understand whether the observed oscillations are a result of the coupon geometry or the experimental setup 

itself.  

 

The average crush stress results for the three different layups, calculated in the same way as for the quasi-

static tests, are listed in Table 3. The average stress of the [0°/90°]2S coupons was calculated after the trigger 

had been completely crushed, between 11 mm and 16 mm of crushing displacement. The limits of the regions 

over which the crush stress was averaged are highlighted using dashed orange lines in Figure 14. In this 

region, the crushing velocity decreased from around 5 m/s to 4 m/s, as can be seen from the velocity-

displacement profile in Figure 15a. 
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Figure 14 – Crushing stress for the dynamically tested flat coupons of the three layups. Dashed orange lines indicate the start and end 

of the region over which the crushing stress values were averaged. 

 

 For the other two layups, since the trigger had been pre-crushed, the average was taken between 4 mm 

and 14 mm of crushing displacement, after the initial load peak had been reached, and before the final load 

peak was reached, when the impacting mass came into contact with the fixture. In this region, the crushing 

velocity decreased from around 6 m/s to 4 m/s, as can be seen from the velocity-displacement profile in Figure 

15b. These crushing velocities are higher than the 1 m/s threshold value mentioned by Feraboli [5], for which 

the crushing behaviour is said to transition from quasi-static to dynamic.  

 

The average dynamic crush stresses obtained from these flat coupons seems to be similar for all the three 

different layups, yet the standard deviation is significantly higher for the [+45°/-45°]2S and [+45°/0°/-45°/90°]S 

coupons, due to the aforementioned oscillations. Furthermore, these results suggest there is an almost 

negligible 3% decrease in the energy absorption capability of the flat [0°/90°]2S coupons when tested 

dynamically, compared to the quasi-static values. A more significant 22-23% decrease was observed for the 

other two layups, when tested dynamically. 

 

 
Figure 15 – Representative velocity-displacement profiles for a dynamic crush test of a: (a) [0°/90°]2S flat coupon; (b) [+45°/0°/-

45°/90°]S flat coupon; (c) [0°/90°]2S tubular coupon. Dashed orange lines indicate the start and end of the region over which the 

crushing stress values were averaged. 
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Table 3 – Averaged crush stress values for the dynamically tested flat coupons of the three different layups. 

Layup Average crush stress [MPa] Standard deviation [MPa] 

[0°/90°]2S 91.0 11.0 

[+45°/-45°]2S 90.9 38.8 

[+45°/0°/-45°/90°]S 93.0 34.0 

  

 

Dynamic tubular specimens 

 The dynamic [0°/90°]2S and [+45°/0°/-45°/90°]S tubular coupons crushed in a progressive manner, where 

qualitatively, the mode of crushing was very similar to the one observed for their quasi-static counterparts. 

Unlike what was observed quantitatively for the quasi-static tube tests, the [+45°/-45°]2S tubular coupons also 

crushed in a stable manner, similar to the other two dynamically tested layups. The similarity was observed 

both visually, from the splayed fronds, and quantitatively, from the crushing stress responses, as seen in 

Figure 16. All the dynamic tubular coupons exhibited an oscillatory crushing response, as evidenced in Figure 

16. Although these oscillations were of a smaller magnitude than the dynamic oscillations observed from the 

[+45°/-45°]2S and [+45°/0°/-45°/90°]S flat coupons, their value is still substantial. These oscillations, similar to 

what was reported by Reuter et al. [38], could either be a result of the dynamic experimental setup, as 

hypothesised from the flat coupon results, or they could arise from sudden circumferential fibre tow splits, 

discussed previously, that lead to a sudden jump in the delamination fronts and splaying progression. 

 

 The average crush stress for these coupons was calculated using the same nominal cross-section of the 

quasi-static tubes. The average and standard deviation of the crush stress, listed in Table 4 for all three layups, 

was calculated over a crushing distance of 10 mm, between the 4 mm and 14 mm positions indicated in Figure 

16. These positions equated to crushing velocities of around 6.5 m/s and 3.5 m/s, respectively, as shown from 

the velocity-displacement profile of Figure 15c for a typical tubular coupon test. 

 

Table 4 – Averaged crush stress values for the dynamically tested tubular coupons of the three different layups. 

Layup Average crush stress [MPa] Standard deviation [MPa] 

[0°/90°]2S 135.3 34.3 

[+45°/-45°]2S 134.4 32.4 

[+45°/0°/-45°/90°]S 138.6 29.7 

 

 

 The average dynamic crush stresses obtained from these tubular coupons is quite similar for all the three 

different layups. The standard deviations are significantly higher than those of the quasi-static tubular 

coupons, due to the large load oscillations. Under dynamic loading, a decrease in average crushing stress of 

20% and 21% was observed for the [0°/90°]2S and [+45°/0°/-45°/90°]S tubular coupons, respectively. 
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Figure 16 – Crushing stress for the dynamically tested tubular coupons of the three layups. Crush stress average value calculated in the 

region between the dashed orange lines. 

  

2.3.2 Side Impact Structures 

Quasi-static 

 All three quasi-static (QS) SISs crushed in a stable progressive manner, where both splaying and ply 

fragmentation were observed. The sequential crushing process is presented in Figure 17, at intervals of 50 mm 

of crushing displacement. The crushed SISs were then sectioned for post-mortem analysis. Due to the curved 

closed-section geometry, outward and inward ply splaying was restricted by the circumferential fibre tows, 

which resisted the hoop stresses in a similar manner to the tubular coupons. The progressive splaying 

eventually produced large tearing, after circumferential tows were forced to split, principally along the axial 

lines which separated the flat and curved portions of the structure, highlighted in dashed black lines in Figure 

18. Large fronds formed between these tear/split lines, shown after a completed crush test in Figure 19a. Tow 

splitting/tearing also occurred along the vertical edges of the inner rib structure due to asymmetric splaying of 

the outer envelope plies (unequal number of plies splayed inwards and outwards), as can be observed in 

Figure 19a.  

 

 
Figure 17 – Experimental progression of the quasi-static crushing of a Side Impact Structure, in 50 mm steps of crushing displacement. 
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Figure 18 – Axial paths of changing curvature along the Side Impact Structure, shown using dashed black lines. The axial and 

circumferential directions of the SIS are also indicated. The inner rib and outer envelope sections are identified. 

 

As all the outer 6 plies were splayed outwards, the inner rib was split/torn from these adjoining plies, as 

shown in Figure 19a. Once these major split lines were formed, the fronds of the flat and curved portions of 

the outer envelope sections splayed progressively. Furthermore, the inner rib became unsupported on both 

sides, and was forced to bend and splay. The curved nature of the SIS, together with the large amount of 

debris created at the crash-front, promoted asymmetric ply splaying, unlike what was observed in the flat and 

tubular coupons.  

 

Even though a significant amount of debris was found compacted internally when sectioning the crushed 

SISs, the crash-front at the end of the tests exhibited outward ply splaying. Figure 19b and Figure 19c present 

cross-sections of both the curved and flat regions of the crushed SIS, respectively, where the laminate splayed 

entirely outwards. This asymmetry is an indication that the crushing behaviour of the flat and curved regions 

of the SIS, and consequently the overall crushing efficiency, could be significantly different than that 

observed for the symmetrically splayed flat and tubular coupons (equal number of inward and outward 

splayed plies), alluding to the lack of geometric scalability of crashworthiness discussed in literature [13,17]. 

Chambe et al. [23] showed that for tubular CFRP coupons, outward splaying of the entire laminate results in a 

decrease in crush efficiency (up to 20% when compared to symmetric splaying), since inward splaying plies 

would offer more energy absorption due to the friction between the fronds that form. 
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Figure 19 – Sections of a quasi-statically crushed Side Impact Structure: (a) half-section; (b) quarter-section in the middle of a curved 

region; (c) quarter-section in the middle of a flat region. 

 

 The crushing load responses of the three tested SISs are presented in Figure 20b. The lack of a sharp peak 

load upon the initiation of crushing shows that this structural design is suitable for use as a crash structure, as 

it will crush progressively. This has been achieved through the non-uniform increasing cross-sectional area of 

the SIS, which promotes failure at the small front end. All three responses are shown to be quite similar. A 

significant load drop to 35 kN was noted for the 3rd SIS (QS-3) at a cross-head displacement of 140 mm. 

However, this SIS test was halted numerous times, and the structure was unloaded to take pictures, then 

reloaded and the test continued. The observed load drop was due to a visible localised buckling failure of 

some outer plies, which occurred just after reloading the structure. The other two SIS tests were loaded 

continuously up to 250 mm of crushing, and did not show any sign of unwanted failures. Hence, the load drop 

of QS-3 SIS was attributed to the unloading/reloading of the structure during crushing, which could have 

caused stress redistributions resulting in the buckling failure. 
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 The stress during these crushing tests was calculated using the cross-sectional area obtained from the 

CAD model of the SIS. This variation in cross-sectional area is presented in Figure 20a, and the corresponding 

stress during crushing in Figure 20c. 

 

 
Figure 20 – (a) Variation in cross-sectional area of the Side Impact Structure (SIS); (b) crushing load for three SISs tested  under 

quasi-static (QS) loading; and (c) their corresponding stress calculated using the varying cross-sectional area. 

 

 Figure 20c shows a progressive decrease in crushing stress. The varying curvature of the SIS is the likely 

reason for this decrease. The SIS geometry changes from mostly curved at the top end, to include two large 

flat regions in between the curved sections further down. The inner rib, starting from 70 mm of crushing, is 



24 
 

also a flat region. As seen from the flat and tubular coupon tests, curvature results in an increased crushing 

stress. This corroborates the gradual reduction in the crushing stress observed throughout the crushing of the 

SIS. The crush stress shown in Figure 20c varies from around 140-180 MPa at the start of the SIS, where a 

significant portion of the cross-section possesses curvature, to around 100-120 MPa at 250 mm of crushing, 

where the SIS cross-section includes two large flat regions (and a flat internal rib). These values are quite 

similar to the 176.2 MPa and 118.0 MPa crush stress values obtained from the quasi-static tubular and flat 

coupon tests, respectively. Even if at 250 mm of crushing, the SIS still includes two curved sections which are 

being crushed, the dominant outward splaying observed in Figure 19b could justify why these regions are 

offering a lower crush resistance than the tested tubular coupons, due to the reduced friction described earlier.  

 

The specific energy absorption of a structure over its entire crushing length, �, can be calculated using: 

 

 ��� �
�

�
�� �� (1) 

 

 Considering the total crushed mass, m, of the SIS to be 0.203 kg, the average quasi-static ��� is equal to 

81.75 kJ/kg.  

 

Dynamic 

Electronic version: The dynamic (DYN) crushing process of the two SISs is presented from a lateral 

perspective in the following video. 

Print version: Figure 21 is a still frame taken from a video that captured the dynamic (DYN) crushing process 

of the two SISs (from a lateral perspective), which is available in the electronic version of this article. The still 

was taken at around 100 mm of crushing displacement. 

 

 
Figure 21 – Still from Video 1 of the dynamic crushing process of two Side Impact Structures, at 100 mm of crushing displacement. 

Video 1 – Progression of the dynamic crushing process of two Side Impact Structures. 
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Large delaminations were observed from the post-mortem analysis, presented in Figure 22d. These 

significant delaminations allowed the individual plies to fold, rather than being forced to crush. Some of the 

delaminated plies were then compacted inwards, as shown in Figure 22b. After removing this compacted 

material, it was observed that the axial splitting lines were also present in these dynamically crushed tubes, 

similar to what was observed quasi-statically. These split lines, including the ones arising from the inner rib, 

divide the large fronds from each other, and can be observed in Figure 22a,c.  

 

The load responses of the two dynamic tests are presented in Figure 23a, overlaid on the three quasi-static 

results. Similar to what was observed quasi-statically, there is no significant load peak, and the load responses 

of both dynamic tests show good repeatability. However, once the outboard ends of the SISs started to crush, 

there was a decrease in the load of the dynamic tests when compared to the quasi-static results, throughout the 

entire 250 mm of crushing, with a commensurate lower crushing stress, presented in Figure 23b. Over the first 

250 mm of crushing, the velocity of the impacting mass decreased from approximately 10 m/s to 5 m/s, as 

shown in the experimental velocity-displacement profile of Figure 26. 

 

 
Figure 22 – Dynamically crushed Side Impact Structure (SIS): (a) two mounted SISs after the test; (b) half-section of a SIS with 

compacted material inside; (c) same half-section but with the compacted material removed; (d) side view of the half-section, 

highlighting a number of significantly delaminated plies. 
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Figure 23 – (a) Crushing load; and (b) corresponding stress for two dynamically tested (DYN) Side Impact Structures, overlaying the 

three quasi-static (QS) results of Figure 23. 

 

 The crush stress results of  Figure 23b indicate a progressive decrease in crush stress, similar to the quasi-

static results. The dynamic crush stress varied from approximately 100-140 MPa at the start of the crush, to 

around 80-100 MPa at 250 mm of crushing. These values are quite similar to the 138.6 MPa and 93.0 MPa 

crush stress values obtained from the dynamic tubular and flat coupon tests, respectively.  

 

 Considering the same total crushed mass of 0.203 kg as the quasi-static tests, the average dynamic 

specific energy absorption of these structures is equal to 60.07 kJ/kg. This equates to a 26.5% decrease in SEA 

from the quasi-static structures, which can be mostly attributed to the larger amount of delaminations observed 

in the dynamic experiments, which allowed the individual plies to fold rather than to crush. 

  

3. Numerical simulation of the macroscopic crushing process 

 Motivated by the low computational cost and modern techniques available for modelling the crushing 

behaviour of composites, this section presents a numerical methodology to simulate both quasi-static and 

dynamic crushing responses of the SIS, at the macro-scale, i.e. considering the entire structure as a 

homogeneous part, consequently not modelling interlaminar regions explicitly. 

 

 The crush simulations are conducted by coupling an Abaqus® in-built constitutive material model with an 

Abaqus® plugin named CZone. For the sake of completeness, the following sub-sections describe both the 

material model and the add-on. The simulations were conducted using the FE solver Abaqus®/Explicit [30], 

and they ran on one node (1 CPU @ 3.4 GHz of Intel® Haswell®) having 512 GB of RAM. The results 

presented in this section constitute the quantitative responses of the quasi-static and dynamic loading 

conditions and allow for a direct comparison with the experimental results described above. 
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3.1 Constitutive model 

3.1.1 Material response 

 An Abaqus® in-built orthotropic constitutive material damage model, suitable for modelling damage in 

2D woven composites, was used to describe the material behaviour of the SIS. This model, implemented as a 

VUMAT subroutine, can be accessed by using a material name string such as ABQ_PLY_FABRIC [30]. This 

material model is based on Continuum Damage Mechanics (CDM), and was developed for the calculation of 

the initiation and propagation of laminate-level damage of 2D woven composite materials [31].  

 

The entire laminate was modelled by a single shell element through-thickness, and consequently, 

interlaminar damage, i.e. delamination, was not considered here. This material model was previously used by 

other researchers, who successfully managed to simulate the crushing behaviour of this type of material 

[39,40]. It assumes a linear-elastic response up to failure for fibre-dominated damage, i.e. in the longitudinal 

and transverse directions, where the loading functions take the form of a maximum stress criteria and an 

energy-based damage evolution law. To ensure mesh size independency, for the two fibre directions under 

uniaxial tensile and compressive loading, the computed energy dissipation was regularised using the 

corresponding fracture toughness values of the material, and the associated characteristic element length [41]. 

For in-plane shear, an elastic-perfectly plastic response was assumed, where a classical plasticity model was 

used with an elastic domain function and a hardening law which was applied to the effective stress tensor, i.e. 

the stress tensor calculated using the undamaged stiffness tensor. Damage initiation under in-plane shear was 

also captured using a maximum stress criterion. Damage propagation was captured using a degradation 

parameter, similar to that used for the longitudinal and transverse directions. However, it is important to note 

that this model does not include regularisation of energy dissipation under in-plane shear loading, since shear 

softening is not considered. Thus, no input was required for the mode II intralaminar fracture toughness. For 

more details on this damage model, the reader is referred to [31,39].  

 

3.1.2 CZone 

 The constitutive material model was combined with the CZone add-on for Abaqus®/Explicit [30], making 

use of a user-defined field, i.e. a VUSDFLD,  in order to model the crushing behaviour of the elements at the 

crash-front. CZone requires the input of crush stress parameter data, which was shown to be a structural 

property influenced by ply orientations, coupon geometry, and crushing velocity. Figure 24 summarises the 

contribution of the CZone add-on to the element behaviour in the numerical simulations. 
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Figure 24 – Outline of the node assignment of shell elements at the crash-front using the CZone add-on. 

 

 For the SIS crush simulations, the nodes of the elements at the initial crash-front (top edge of the SIS) 

were assigned as “trigger” nodes, while the rest of the nodes of all shell elements were designated as “no 

trigger” nodes. Any shell element which contains a “trigger” node would allow the initiation of crushing, as its 

response (quantified by the  general contact algorithm) would be limited by the imposed crush stress (Figure 

24d). All nodes sharing an edge with a “trigger” node are marked as the next crushable “trigger” nodes (see 

Figure 24c). Elements that contain “no trigger” nodes, which are far-away from the crash-front, assume a 

material response following the material model described in the previous sub-section, as presented in Figure 

24e. The elements are deleted by the material model definition if any of the in-plane axial damage variables 

are greater or equal to 0.99, or if all the nodes of the element have completely passed through the crushing 

plate. For more information regarding the CZone add-on for Abaqus®/Explicit, the reader is referred to Refs 

[30,42]. 

 

3.2 Finite element modelling 

 The geometric surface of the SIS model was constructed from the outer surface of ply 13 (refer to Figure 

2), since it was the only ply surface that could be used to generate a shell mesh that connected the outer 12 

plies with the inner rib of plies 13 and 14. The 45° chamfer machined in the experimentally tested SISs could 

not be modelled using this macro-scale approach. The crushing plate was modelled as a discrete rigid body. 

Figure 25a presents an isometric view of the macro-scale framework, highlighting the boundary conditions 

(BCs) which the model is subjected to. For simplicity, it was chosen to block the degrees of freedom, i.e. an 

encastre-type BC, in the location where the SIS was experimentally fixed within the mounting base. 
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Figure 25 – (a) FE model of the SIS (composed of green and white regions to which were assigned curved and flat crush stress 

parameters), including the crushing plate and applied BCs (region in red); (b) shell element mesh detail of the SIS. 

 

 For the quasi-static simulation, a smooth step velocity was applied to the crushing plate, and it was 

assured that the kinetic energy was close to zero, guaranteeing that the simulation was indeed quasi-static. For 

the dynamic simulation, half the mass of the sled impactor was assigned to the crushing plate (390 kg), 

together with the same initial velocity condition as that observed experimentally (	
 � 10.1 m/s). The material 

properties used to simulate the structural response of the SIS are reported in Table 5, and were obtained from 

in-house experimental characterisation, reported in [32,33]. 

 

 The SIS geometry was divided into flat and curved regions to be assigned different crush stress values. 

This division was performed in a subjective manner based on the SIS CAD geometry that was provided. The 

crush stress data input for these sections were obtained from the experimental test results of the flat and 

tubular coupons presented in Section 2. The flat section, including the inner rib, and the curved section of the 

SIS, are depicted in white and green, respectively, in Figure 25. Moreover, the crush stress input data was 

dependent on the type of simulation, i.e. quasi-static or dynamic. 

 

Table 6 lists these different crush stress values assigned to the two sections of the SIS, for both loading 

regimes. Due to the high oscillations present in the dynamic testing of the [+45°/0°/-45°/90°]S tubular 

coupons, the value assigned to the curved section of the SIS was that obtained from the [0°/90°]2S tubes (this 

slight difference in crush stress to the [+45°/0°/-45°/90°]S tubes, i.e. � 2 MPa, should not have a significant 

effect on the quantitative predictions). It should be noted that, when running dynamic simulations, other 

material properties, such as elastic, strength, and fracture toughness, need to be scaled up with strain-rate [43–

48]. However, due to the lack of availability of strain-rate dependent data for this material, a conservative 

approach was taken by maintaining the quasi-static mechanical properties for the dynamic simulation. 

Material property Ply-level values 
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Table 5 – Ply-level material properties. 

 

Three different composite layups were used: i) 14 plies for the flat outer section; ii) 14 plies for the 

curved outer section; and iii) 4 plies for the inner rib, with different material orientations associated to each 

ply according to the SIS layup. Due to the slight complexity in geometry arising from the varying cross-

section and the junction between the inner rib and the outer envelope plies, a combination of triangular (S3R) 

and  quadrangular (S4R) reduced integration shell elements, with hourglass control, were used to model the 

SIS, as shown in Figure 25b. The mesh was composed of approximately 59,000 elements (� 500 S3R 

elements and � 58500 S4R elements). A general contact explicit formulation, using an isotropic penalty 

friction approach, was used to model the contact between the crushing plate and the SIS, and for self-contact 

between the elements of the SIS. A value of 0.25 was used for the coefficient of friction [49,50]. 

 

 Table 6 - Crush stress data used for the quasi-static (QS) and dynamic (DYN) modelling of the flat and curved sections of the SIS. 

 

 

In-plane tensile elastic moduli ���
# � �$$

# � 63.6 GPa  

In-plane compressive elastic moduli ���
� � �$$

� � 61.0 GPa  

In-plane tensile Poisson’s ratio &�$
# � 0.03 [-] 

In-plane compressive Poisson’s ratio &�$
� � 0.03 [-] 

Shear modulus '�$ � 3.69 GPa 

In-plane tensile strengths (��
# � ($$

# � 1046 MPa 

In-plane compressive strengths (��
� � ($$

� � 595 MPa 

Shear strength ��$ � 100 MPa 

Mode I intralaminar fracture toughness ')*
�# � ')*

$# � 96.2 kJ/m2 

Compressive intralaminar fracture toughness ')*
�� � ')*

$� � 32.5 kJ/m2 

Shear damage parameter +�$ � 1.0 [-] 

Maximum shear damage ��$
�,- � 0.9 [-] 

Initial effective shear yield stress ./ � 80 MPa 

Coefficient present in the hardening function 0 � 40 MPa 

Power term present in hardening equation 1 � 0.42 [-]  

Loading regime and coupon geometry Crush stress, �� [MPa] 

QS and flat 118.0 

QS and curved 176.2 

DYN and flat 93.0 

DYN and curved 138.6 
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3.3 Numerical results 

 Both quasi-static and dynamic simulations yielded a stable progressive crushing of the macro-scale SIS 

model. The velocity of the sled impactor decreased as the crush progressed, in a similar manner to the 

experimental results, i.e. from 10.1 m/s to approximately 5.3 m/s, as shown in Figure 26. Figure 27 shows the 

contour plots of the von Mises stress for different stages of the crushing process of the quasi-static SIS 

simulation. The stress was mostly concentrated at the zone around the crash-front, guaranteeing that the 

crushing process was stable, progressive, and showed no signs of buckling. 

 

 

 
Figure 26 – Velocity-displacement profiles for the dynamic Side Impact Structure crush experiment and simulation. 

 

 
Figure 27 – Numerical progression of quasi-static crushing of a Side Impact Structure, in 50 mm steps. 
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 Figure 28 shows the numerical results of the load-displacement curves of both quasi-static and dynamic 

simulations, overlayed on equivalent experimental results. As expected, the dynamic simulation exhibited a 

stiffer response, and a lower peak crush initiation load, when compared to the experimental results. A slight 

knee can be observed in both experimental and numerical load responses, for both loading regimes, around the 

50 mm displacement position. At this point, the crash-front has progressed to the top region of the inner rib, 

which offers an additional resistance to the crush progression, resulting in this sudden change in the load 

response. 

 

 Analysing further the load values of Figure 28, both simulation responses were in good agreement with 

their respective experimental results, early on in the crush. As the crush progresses further, both numerical 

results tend to overestimate the experimental load responses. Since the crush stress parameters used for 

simulating both flat and curved regions are unaltered throughout the entire length of the SIS model, the 

experimental results indicate a progressive decrease in crushing efficiency for this structure, for both loading 

regimes. This experimental decrease can be attributed to a number of possible causes. The asymmetric ply 

splaying that was observed in the experimental crushing of the SIS resulted in increased lamina bending as the 

crush progressed. This increased lamina bending is a less efficient energy absorption mechanism than the 

more brittle ply fragmentation occurring when plies are not forced to bend as much, but are instead crushed 

axially [36]. This observed phenomenon is akin to the decrease in crushing efficiency observed in literature 

[13,17,36,51]. As the tested tube diameter to wall thickness ratio, �/�, increased, the crushing efficiency 

decreased as a result of increased lamina bending and decreased ply fragmentation. This concept also applies 

to the non-circular cross-section of the SIS [17,36]. Another possible reason for the numerical overestimation 

of the crushing load is due to the inefficacy of the flat coupon experiments which were used to obtain the 

crush stress data, used to model the flat sections of the SIS. The crushing load of the flat coupons was seen to 

decrease as the crush progressed, without having reached a plateau. Thus, the average crush stress measured 

from these tests might well be an overestimate. Other flat coupon crush tests documented in literature show 

the need of crushing a significant length in order to capture a stable crushing load value [5,26]. This would 

explain the numerical overestimation of the load responses later in the crush progression, as the flat section of 

the SIS increased in size.  

 

It is worth noting that one of the two curved sections of the SIS, with an inclination which was not 

perpendicular to the crushing plate, could have crushed differently to the tubular coupons, hence providing a 

different load response. For this inclination to be more accurately modelled, a separate crush stress parameter 

would have had to be obtained from inclined tubular coupon tests. Such an approach would necessitate testing 

of various inclinations to determine the sensitivity of the crush stress parameter. This study was not performed 

here, and the inclined region of the SIS was assumed to behave in a similar manner to the uniaxially crushed 

tubular coupons.  
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Figure 28 – Load-displacement responses of the Side Impact Structure numerical models compared to their equivalent representative 

experimental results, for both quasi-static (QS) and dynamic (DYN) loading regimes. 

 

4. Conclusions 

 After comparing the experimental results obtained for the quasi-static and dynamic crushing of flat and 

tubular coupons for three different layups, and for the F1 Side Impact Structures, the following conclusions 

were drawn: 

 

• The flat coupons crushed with symmetric ply splaying for all the tested layups and loading regimes. 

The average steady-state crushing stress was similar for all three layups but was consistently lower for 

the dynamic tests. These tests were susceptible to buckling and required some of the layups to use pre-

crushed coupons. Although the results were quite consistent in the quasi-static regime, dynamic 

results show a need for further development. Thus, the flat coupon design used here, and its 

accompanying fixture, need to be further improved, in order to achieve longer crushing lengths with a 

constant unsupported length, as already suggested in literature [5,37]. This should provide more 

consistent crushing results for different layups and different crushing velocities. 

• The tubular coupons also crushed with symmetric splaying, and the average crushing stress was 

similar for the [0°/90°]2S and [+45°/0°/-45°/90°]S layups. The average dynamic crushing stress was 

lower for these two layups. The [+45°/-45°]2S tubular coupons buckled under quasi-static loading but 

crushed progressively when tested dynamically.  

• A significantly higher average crushing stress was observed for the tubular coupons over the flat ones, 

for both loading regimes. 

• The significant load oscillations in the dynamic flat and tubular coupon results obtained from the drop 

weight tower highlight the need of a better understanding of both the experimental setup and the 
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coupon geometries, in order to ascertain whether such oscillations are the result of the material 

behaviour, or a result of the setup. 

• The effect of layup on coupon level crushing is not yet fully understood, partially due to the 

uncertainty of the conducted dynamic coupon tests. It will be essential to improve on the dynamic 

tests presented here in order to ascertain whether the ply layup significantly affects the crushing 

performance. 

• The crushing efficiency of the SISs was shown to decrease as the crush progressed. Post-mortem 

examinations of an SIS evidenced a significant evolution of the crushing behaviour, with dominantly 

asymmetric outward splaying for both the flat and curved regions of the structure, possibly brought 

about as a result of the increasing mass of debris present at the crash-front. This crushing was 

evidently different to that observed in the tested coupons, which splayed symmetrically. 

• The current SIS design offers a lower crush energy absorption under dynamic loading, as it is 

susceptible to larger jumps in the delamination fronts, which weaken the crushing capability of each 

ply. It is clear that by suppressing interlaminar damage, such structures could be made more efficient.  

 

From the numerical results of the Side Impact Structure crush simulations, the authors are of the opinion 

that the current modelling approach being used in F1 yields decent quantitative predictions at a very 

reasonable computational cost. However, the progressive deviation observed in the load-displacement 

responses of the SISs emphasises the need to further understand the evolution of the crushing behaviour in 

large composite structures. 

 

This paper has shown that this methodology for predicting crashworthiness still has some issues which 

need to be resolved before it can be more widely accepted by industry. The results presented here show that 

the first major advance needs to be on the development of the experimental coupon tests, to obtain more 

reliable crush stress values. The second advance would be in modelling sandwich structures, since the 

presented methodology has only been assessed for monolithic composites. This would be of significant 

importance for F1 teams attempting to predict the behaviour of their front and rear crash structures. 

 

In conclusion, this paper has presented a comprehensive set of experimental crash test data, which when 

combined with the ply-level material parameters, can be used to benchmark other numerical modelling 

approaches for the prediction of structural composite crashworthiness. 

 

Data Availability 

 Datasets related to this article can be found at http://dx.doi.org/10.17632/jd33z5d5vv.1, an open-source 

online data repository hosted at Mendeley Data. 
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