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ABSTRACT 

 

Crash boxes play an important role in different industries as energy absorbers to reduce 

damage of accidents. An ideal crash box has lower maximum force and higher energy 

absorption. The aim of this study is to investigate the effect of various parameters such 

as geometry (diameter and thickness), triggering and filling with polymeric foam on axial 

crash behaviour of a composite cylindrical cash box. To this end, a composite crash box 

is modelled in a commercial finite element software, Abaqus, utilising the Hashin failure 

criterion to predict damage initiation. Linking damage initiation with material 

degradation rules provides the capability for damage evolution prediction on the basis of 

fracture energy of different failure modes. A new parameter (β) is defined to study the 

performance of a crash box with different geometries, triggers and foam-filling. The 

results show that three different triggering geometries (chamfer, fillet, and tulip) decrease 

the maximum load about 7-33%, and improved energy absorption about 40-86% 

compared to the crash box without trigger. Filling a triggered crash box with polymeric 

foam also improves energy absorption about 20%. Applying both triggering and foam-

filling simultaneously on a crash box has a complementary role to receive a better 

performance.  

 

Keywords: Composite crash box, finite element method, trigger, polymeric foam.  

  

INTRODUCTION 

 

The traffic accidents are one of the most important death causes in the different countries. 

Therefore, reducing damage of traffic accidents to passengers has been put on the agenda 

for the world by international organizations, according to “global status report on road 

safety 2015” of World Health Organization (WHO) [1]. Crash box is one of the most 

important parts in aeronautic and automotive vehicles as a crash energy absorber. In some 

industries such as automotive, in addition to energy absorption, low maximum load roles 

as an important factor to prevent damage and injury to passengers. Investigation of the 

energy absorption behaviour of composite materials presents a unique combination of 

weight loss and vehicle safety improvement or provides at least the same safety in 

accidents compared to metal structures [2]. In other words, application of composite 

materials in crash boxes increases specific energy absorption, due to their lower density 

than metals [3]. 

In recent years, many studies were conducted about replacing metal thin walls 

with composite ones. In this regard, Jahani et al. [4] studied crashworthiness of composite 

and aluminium thin-walled boxes numerically. Teng and Hu [5] and Song et al. [6] 
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investigated the improvement of hollow cylindrical thin-walled structure behaviours by 

strengthening them with fibre reinforced composites. Advantages of replacing steel 

hollow cylindrical thin-walled structures with composites one is investigated under 

bending by Haedir et al. [7, 8], under bending and compression by Doi et al. and Baroutaji 

et al. [9, 10], under tension by Jiao and Zhao [11], Zhao et al. [12], and Xiao et al [13], 

under transverse loading and shear force by Zhao et al. [14]. The finite element modeling 

was also carried out by Fernando et al. [15]. Reuter and Troster [16] investigated 

crashworthiness and numerical simulation of aluminum and carbon fibre reinforced 

polymer (CFRP) hybrid tubes under axial impact. They achieved that the specific energy 

absorption is higher compared to a pure aluminum structure. Wu et al. [17] investigated 

quasi-static axial crush response and energy absorption of layered composite structure 

formed from novel crochet-sintered mesh tube and thin-walled tube. They concluded that 

the layered composite tubes showed great potential for application as energy absorbers. 

Various parameters affect the crashworthiness behaviour of crash boxes. These 

parameters can be divided into the following groups: type of material, geometrical 

properties (diameter and thickness), section shape, triggering mechanisms, filling with 

foam or honeycomb, using sandwich panels. Crash boxes have been made in different 

geometries and some researchers studied the effects of geometry and shape on the crash 

boxes performance. Thin-walled crash boxes with different cross-sections such as 

cylindrical [18-22], square [23-26], cylindrical corrugated composite thin-walled 

structures [27], hexagonal and octagonal composite thin-walled structures [28, 29], cone 

composite thin-walled structures with elliptical section [20] and composite systems with 

geometry of cone-cylinder-cone [30] were designed and tested. Elgalai et al. [31] 

conducted extensive experimental work in cylindrical glass/epoxy thin-walled structures 

under quasi-static compression to study the effects of length on collapse modes behaviour 

and energy absorption capability of samples. Their results show that the collapse 

behaviour and energy absorption capability is sensitive to the length change. Mamalis et 

al. [32] studied energy absorption behaviour and collapse modes of cylindrical carbon 

fibre reinforced polymer (CFRP) thin-walled structures under axial quasi-static 

compression load. They examined the effects of geometric properties such as axial length, 

aspect ratio and wall thickness on the compression response and collapse modes of 

experimental samples. Palanivelu et al. [33] presented nine different geometrical shapes 

of composite tubes.  

It was found that the crushing characteristics and the corresponding energy 

absorption of the special geometrical shapes are better than the standard geometrical 

shapes such as square and hexagonal cross sections. Furthermore, the tulip triggering 

caused lowering peak crush load. Zhang et al. [34] investigated the impacts of geometrical 

parameters on the specific energy absorption (SEA) of composite tubes, metal tubes, 

foam-filled tubes and hybrid tubes. Their results showed that changing upper end 

diameter of tubes had great impacts on their energy absorption capacity. Recently, some 

researchers [35, 36] investigated crashworthiness of multi-cell tubes because of their 

excellent influence on energy absorption capacity. Vinayagar and Kumar [37] studied 

crashworthiness of double section bi-tubular thin-walled structures. Bi-tubular structures 

had more energy absorption capability than the single cylinder. 

Many researchers studied metal energy absorbers filled with metallic foams and 

their applications in order to increase the capability of energy absorption of some special 

structures. In the automotive industries, application of lightweight materials in vehicle 

components seems appropriate due to reduction of the mass of the vehicles. That is why 

composite materials with a higher strength to weight ratio compared to metals, are rapidly 

https://www.sciencedirect.com/topics/engineering/great-potential
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replacing some metal parts in automobiles and vehicles. In recent years, the energy 

absorption behaviour and the impact response of foam-filled composite structures to 

absorb impact energy attracted some researcher attentions in the world. In 2016, Hossein 

et al. [38] studied axial collapse behaviour of hollow and honeycomb filled cylindrical 

composite thin-walled structures under the velocity of 0.05, 0.5, 5 and 50 mm/s. Their 

results showed that the mean load and absorbed energy of honeycomb filled samples were 

higher than hollow ones. Mohammadiha et al. [39] studied the crashworthiness of the 

functionally graded honeycomb filled box structures. They proved its superiority with 

respect to the uniform honeycomb filled box structures. Gan et al. [40] investigated the 

collapse behaviour and energy absorption of cylindrical, hexagonal and square hollow 

thin-walled structures of CFRP composite and aluminium. They also investigated 

Aluminium and polyurethane foam-filled structures under axial quasi-static compressive 

load and indicated that cylindrical composite structure filled with polyurethane foam had 

higher energy absorption capability than, hexagonal and square sections. Furthermore, 

specific energy absorption of composite structures filled with polyurethane foam was 

30% higher than aluminium structures filled with aluminium foam which were used in 

their work. Wang et al. [41] investigated energy absorption capability and the collapse 

behaviour of cylindrical glass fibre reinforced polymer (GFRP) composite structures 

under axial loading. They studied the effects of thickness, diameter, foam density and ply 

orientations on the maximum load, load efficiency and energy absorption. They showed 

that increasing the thickness and foam density could increase the maximum force in 

addition to increasing energy absorption capacity. Li et al. [42] did a comparative analysis 

of crashworthiness of empty and foam-filled thin-walled tubes. They found that foam-

filled circular tube structures are recommended as crashworthy structures due to their 

high crush force efficiency and energy-absorbing efficiency. 

In the present study, the effects of diameter and thickness of a crash box, different 

types of edge triggering and polymeric foam-filling on the crashworthiness of a crash box 

simultaneously are investigated. To this end, the simulation of a crash box with special 

condition which was experimentally tested in Ref. [43] is done to achieve an accurate 

way in simulating (section 3). Then, for parametric study, another model of crash box is 

simulated (section 4 and go on) and a new dimensionless parameter (β) is defined to 

evaluate better performance with considering all important parameters. rs. This study is 

preferable to others for the simultaneous investigation of the effect of some factors (above 

mentioned) on the crash box behaviour and formulation of a dimensionless parameter for 

evaluating its performance. 

 

IMPORTANT PARAMETERS FOR AN OPTIMISED CRASH BOX 

 

There are three parameters usually used for evaluating the crashworthiness performance 

of a crash box. This parameter shows the total energy absorbed by the structure during 

the impact process equals to the area under the force-displacement curve as in Eq. (1). 

 

(1) TEA= ∫ Fdx

d

0

 

 

One of the most important parameters to evaluate the performance of crash boxes 

is their specific energy absorption which is defined as absorbed energy per unit mass as 

in Eq. (2). 

 

https://www.sciencedirect.com/topics/engineering/crashworthy-structure
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(2) SEA=
1

mc

∫ Fdx

d

0

 

 

that mc is total mass of the structure. Force efficiency in Eq. (3) is defined as mean force 

to the maximum force shows the ability of crash boxes from load viewpoint.  

 

(3) η=
Fmean

Fmax

 

 

High value of η shows the difference between the maximum and mean forces decrease 

and consequently the performance of crash box increases. 

 

FINITE ELEMENT MODELING VALIDATION 

 

Geometry, Materials and Simulation 

 

In this study, a crash box is modelled in the commercial finite element solver 

Abaqus/Explicit. The geometrical and material properties of sample are extracted from 

research by Chiu et al. [43]. Figure 1 shows a schematic of a composite sample with tulip 

triggering. The model is meshed with 5522 four-node shell elements (S4R). Table 1 

presents mechanical properties of T700/M21 composite. ρ is density, E11 and E22 are 

moduli of elasticity along fibre direction and perpendicular to the fibre direction, G12 and 

G23 are shear moduli and ν is Poisson's ratio. Xt and Xc are tensile and compression 

strengths along fibres, Yt and Yc are tensile and compression strengths perpendicular to 

the fibres. 𝐺𝑓𝑡
𝑐 , 𝐺𝑓𝑐

𝑐 , 𝐺𝑚𝑡
𝑐 and 𝐺𝑚𝑐

𝑐  are fracture energy related to fibre tension, fibres 

compression, matrix tension and matrix compression, respectively.  

 

 
 

Figure 1. Schematic of a composite sample used by Chiu et al. [43]. 

 

According to Figure 2, the sample is located between two rigid plates. The bottom 

plate is tied to the sample and completely fixed and the other one impacts the sample with 

velocity of 0.5 mm/min [40] in the axial direction. It is tried to implement the real 

boundary conditions in the simulation as it occurs in the experimental fixtures. Stacking 

sequence of the composite layup is [0/90/0/90]s. Wall thickness is 1.2 mm. A general 

contact is defined between all surfaces. Since during the collapse of the structure, 
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elements are in contact with themselves, self-contact is used. To speed up the running 

process, a mass-scaling factor has been used. 

 

Table 1. Mechanical properties of T700/M21 composite [43]. 

 

Value Material properties 

1590 ρ (kg/m3) 
142 E11 (GPa) 
8.40 E22 (GPa) 

4.80 G12 (GPa) 

2.90 G23 (GPa) 

0.32 ν12 

2282 Xt (MPa) 

1465 Xc (MPa) 
65 Yt (MPa) 
290 Yc (MPa) 
108 Gft

c
(kJ/m2) 

58.40 Gfc
c

(kJ/m2) 

0.33 Gmt
c

(kJ/m2) 

1.10 Gmc
c

(kJ/m2) 

 

 
 

Figure 2. A three-dimensional model. 

 

Hashin Damage Criterion 

 

There are several failure criteria for damage analysis of composite materials. Hashin 

damage criterion gives relatively good predictions as well as failure modes. It is available 

in software and it can be used for prediction of damage initiation and linked with material 

degradation rules to provide the capability of damage evolution base on the fracture 

energies of different failure modes [44]. Modified Hashin damage criterion is represented 

as follows: 

 

(4) σ11≥0 Ff
t= (

σ11

Xt

)
2

+α (
τ12

Sl

)
2

 

 

(5) σ11≤0 Ff
c= (

σ11

Xc

)
2
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(6) σ22≥0 Fm
t = (

σ22

Yt

)
2

+ (
τ12

Sl

)
2

 

 

(7) σ22≤0 Fm
c = (

σ22

2St

)
2

+ [(
Yc

2St

)
2

-1]
σ22

Yc

+ (
τ12

Sl

)
2

 

 

where σ11, σ22 and τ12, are the components of the stress tensor. Sl is in-plane shear strength 

and St is transverse shear strength. 𝐹𝑓
𝑡, 𝐹𝑓

𝑐, 𝐹𝑚
𝑡  and 𝐹𝑚

𝑐  are calculated values after replacing 

the stresses and strengths in relations that if any of these values equal to or greater than 

one, failure happens. Before damage initiation, material behaviour is linear elastic, and 

after that the stress-strain relation is: 

 

(8) σ=Cdε 

 

Cd is the matrix of damaged stiffness and is defined in Eq. (9). 

 

(9) Cd=
1

∆
[

(1-df)E1 (1-df)(1-dm)ν21E
1

0

(1-df)(1-dm)ν12E
2

(1-dm)E2 0

0 0 (1-ds)GD

] 

 

that D is defined according to Eq. (10). 

 

(10) ∆=1-(1-df)(1-dm)ν12ν21 

 

where df , dm and ds are damage variables and indicate the current status of fibre damage, 

matrix damage and shear damage, respectively. df, dm, and ds are derived from four 

damage variables, 𝑑𝑓
𝑡 , 𝑑𝑓

𝑐, 𝑑𝑚
𝑡 and 𝑑𝑚

𝑐  based on four failure modes as follows: 

 

(11) df= {
df

t
if σ̂11≥0

df
c

if σ̂11<0
 

 

(12) dm= {
dm

t
if σ̂22≥0

dm
c

if σ̂22<0
 

 

(13) ds=1-(1-df
t
)(1-df

c
)(1-dm

t
)(1-dm

c
) 

 

that �̂�11 and �̂�22 are effective stress tensor components. For more information, see 

reference [45]. Abaqus also uses a characteristic length, lc to reduce dependency to the 

element size. Modified Hashin damage criterion is neglecting the effect of fibre pull out 

from the matrix during the failure. 

The positive gradient of the stress-displacement curve is related to the linear 

elastic behaviour of the material before the damage initiation and the negative gradient is 

related to the behaviour of the material after the damage initiation. Damage variable can 

be presented versus displacement for linear softening as follows: 
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(14) d=
δeq

f
(δeq-δeq

0
)

δeq(δeq
f

-δeq
0

)
 

 

δeq
0

 and δeq
f

 are the initial equivalent displacement and equivalent displacement when 

damage occurs entirely in every mode. The value of 𝛿𝑒𝑞
𝑓

 in each mode depends on the 

fracture energy, Gc. The value of Gc equals to the area under the equivalent stress-

displacement curve. Fracture energy is different for each failure mode. Thereafter, 𝐺𝑓𝑡
𝑐 , 

𝐺𝑓𝑐
𝑐 , 𝐺𝑚𝑡

𝑐 and 𝐺𝑚𝑐
𝑐  are the fracture energies related to the fibre tension, fibres compression, 

matrix tension and matrix compression, respectively. 

 

  
 

Figure 3. Equivalent stress-displacement for progressive damage in Abaqus/Explicit 

[45]. 

 

Validation of Numerical Simulation 

 

Figure 4 shows force-displacement curves obtained from experimental results [43] and 

numerical simulations of present study. Crashworthiness parameters of this crash box are 

compared in Table 2. Error percentage for absorbed and specific energy is 10% and for 

the maximum force is about 8%. So, 2D-elements in addition to reducing time cost could 

provide acceptable results. Figure 5 also illustrate experimental collapse behaviour [43] 

and deformation of experimented and simulated samples. The simulation results are 

acceptable and are in good agreement with experimental results as shown by Figure 4 and 

5, and Table 2.  

 

Table 2. Comparison of crashworthiness parameters obtained from experiment and FE. 

 

Error (%) FE-present study Experiment [43]  

8.10 11.70 12.74 Fmean (kN) 
8 18.90 17.50 Fmax (kN) 

15.20 0.61 0.72 η 

10.10 17.11 19.05 SEA (J/g) 
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Figure 4. Comparison of experimental and FE load-displacement curves under axial 

crush loading. 

 

 
(a) 

 

 
(b) 

 

Figure 5. Collapse behaviour of composite crash box: (a) recorded in lab [43], and (b) 

modelled as shell (with conventional-shell elements in this paper). 

 

CRASH BOX FINITE ELEMENT MODELING WITH NEW CONDITION 

 

The aim of this study is to evaluate the effects of different variables such as geometry, 

triggering and foam-filling on the crashworthiness of a crash box. To reach this goal, a 
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unique condition should be applied for each simulation. Cylindrical crash boxes are more 

appropriate with desired results [46, 47]. ،the length of 200 mm and impact velocity of 6 

m/s are considered the same in all simulations [48-50]. Therefore, a cylindrical tube with 

length of 200 mm, stacking sequence of [0/90/0/90]s and material of T700/M21 composite 

is simulated. In this simulation the bottom end of the structure is fixed and impact took 

place in another end. Impactor plate and bottom component are defined as rigid and the 

crash box is defined as a shell due to its small wall thickness. In general, layers can be 

defined as conventional and continuum shell. Here conventional shell is used because of 

less time cost with desired results. A general contact is defined between all surfaces. Since 

during collapse of the structure, elements are in contact with themselves, self-contact is 

used for the crash box.  

 

EFFECTS OF VARIOUS PARAMETERS ON THE CRASHWORTHINESS OF 

A COMPOSITE CRASH BOX 

 

Effects of Geometry 

 

To study the effect of geometry including diameter and thickness on the crash behaviour 

of a composite crash box, two groups of simulations are considered, a) a 1.5 mm-thickness 

crash box with eighteen different diameters; b) a 100 mm-diameter crash box with seven 

different thicknesses. Diameter of crash boxes was changed from 70 mm to 240 mm. 

Similar to diameter, effects of thickness on the performance of composite crash box under 

the expressed condition are investigated in constant diameter of 100 mm. Simulation is 

repeated seven times for different values of thicknesses (4, 3.5, 3, 2.5, 2, 1.5 and 1 mm). 

 

Effects of Triggering 

 

Triggering is known as a structural defect in crash boxes that is designed to reduce the 

maximum load. In this study, the effects of three different types of edge triggers, i.e., 

chamfer, fillet and tulip (the same trigger in Chiu et al. [43]) in upper edge were studied. 

Figure 6 shows the three types of simulated triggers. All three triggers geometry have the 

same depth from the edge of crash box. 

 

 

 
(a)         (b)    (c)  (d) 

 

Figure 6. Types of simulated triggers: (a) without trigger, (b) chamfer, (c) fillet and; 

(d) tulip. 
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Triggering mechanism allows local buckling and depending on its type provides 

the possibility of progressive deformation. The place of trigger in the structure affects the 

collapse behaviour. The size and shape of the inner edges are effective on the maximum 

load. Therefore, the geometry of the edges of the structure should be changed to reduce 

the maximum load.  

 

Effects of Foam-Filling 

 

Filling the thin-walled structures with foam generally has positive effects on their energy 

absorption. In this regard, the simulated crash box is filled with a polymeric foam in this 

section. In order to evaluate the foam-filling on the performance of a composite crash 

box, simulation is performed on a crash box with 1.5mm thickness, 100mm diameter and 

the tulip triggering. To do this, expanded polypropylene (EPP) foam is used. EPP is an 

elastic-plastic polymeric foam with closed cell structure, it is very flexible, light, and 

resistant to shock and impact, and has many applications. This foam has unique features, 

including excellent energy absorption, high impact resistance, and high strength to weight 

ratio. It can be made in different density from 15 to 200 kg/m3. Figure 7 shows the 

engineering stress-strain behaviour of EPP foam with a density of 55 kg/m3. EPP is 

modelled as a linear elastic material with strain hardening. 

 

 
 

Figure 7. Stress-strain curve of elastic-plastic EPP foam [51]. 

 

To define the foam behaviour, it is necessary to define true stress and volumetric 

logarithmic plastic strain [51]. 

 

(15) σtrue=σeng(1+εeng) 

 

(16) εtrue= ln (1+εeng) 

 

(17) εpl=εtrue-
σy

E
 

 

(18) εv= ln (1+εpl) 
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In these equations, σtrue and σeng are true and engineering stresses and 휀𝑡𝑟𝑢𝑒, 휀𝑒𝑛𝑔, 

휀𝑝𝑙 and 휀𝑣 are true strain, engineering strain, plastic strain and volumetric logarithmic 

plastic strain, respectively. Volumetric strain hardening was modelled by activating 

hardening option in the software. Plastic behaviour of this foam was defined by data 

extracted from Figure 7 and using Eq. (15) to (18). Table 3 presents the mechanical 

properties of EPP foam [51]. 

 

Table 3. Mechanical properties of EPP foam [51]. 

 

Foam ρ (kg/m3) E (MPa) ν 
EPP 52 3.87 0.30 

 

DEFINITION OF PERFORMANCE PARAMETER 

 

An ideal crash box performs the high specific energy absorption, low maximum force, 

and minimum difference between the maximum and mean loads. One of the aims of this 

study is to investigate the simultaneous effects of different variables on the specific 

energy, the maximum load and mean load. Having a positive effect of all parameters is 

not always possible. To this end, a performance parameter is defined to include SEA, Fmean 

and Fmax. The result of multiplication of 𝜂 and SEA is placed in the form of a fraction and 

Fmax is placed in the denominator. In this way, the positive effect of each parameter 

(increasing 𝜂 and SEA and decreasing Fmax) leads to an increase in the value of this 

function. Performance parameter is defined as follows: 

 

(19) β=
η×SEA×M

Fmax×L
=

Fmean×E×M

Fmax
2 ×L×m

 

 

To obtain a dimensionless parameter, a constant value with the unit of kg/m 

should be multiplied. So, this function that is shown with β, is multiplied by the mass of 

the impactor and divided to the length of the crash box that respectively are 300 kg and 

0.2 m in this study. Finally, the performance parameter in Eq. (19) is simplified as 

follows:  

 

(20) β=1500×
Fmean×SEA

Fmax
2

 

 

In Eq. (20), specific energy absorption and the maximum load are in J/g and kN, 

respectively. A higher value of performance function (β) leads to better performance of 

the crash box. 

 

RESULTS AND DISCUSSION 

 

Table 4 shows the results of the most important parameters for crash boxes with different 

simulated diameters and Figure 8 indicates ascending behaviour of the maximum load 

and absorbed energy of structures by increasing the diameter. By examining the effects 

of diameter in this study and considering the value of performance function (β) in Figure 

9, the crash box with diameter of 100 mm has a better performance compared to other 
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diameters. However, this superiority has only been in comparison to other diameters. It 

also has the highest specific energy absorption. 

 

Table 4. Effects of diameter on the crashworthiness parameters. 

 

D (mm) Fmax (kN) Fmean (kN) η TEA (kJ) SEA (J/g) β 

240 495 74.20 0.14 11.50 32 13.50 

230 617.20 62.20 0.10 9.60 27.80 6.75 

220 543.80 68.10 0.12 10.30 31.20 10.30 

210 563 66.10 0.11 10.10 32.10 10.60 

200 362.70 50.10 0.13 7.60 25.30 13.60 

190 552.20 56.60 0.10 8.20 28.80 7.82 

180 411.90 56.90 0.13 8.50 31.50 14.90 

170 454.70 49.60 0.10 8.30 32.50 10.70 

160 385 58.70 0.15 8.70 36.30 21.20 

150 440.50 40 0.09 6 26.70 8.18 

140 365 36.20 0.10 5.60 26.70 10.90 

130 350.80 38.60 0.11 5.90 30 14.10 

120 244.60 35.60 0.14 5.30 29.40 25.20 

110 341.70 32.20 0.09 4.90 29.70 11.70 

100 198.30 40.70 0.20 6.10 40 60.50 

90 284.70 25.70 0.08 3.80 28.10 11.80 

80 248.80 25.80 0.10 3.70 30 18 

70 193 19.80 0.10 2 28.60 22.20 

 

 
 

Figure 8. Effect of diameter on the maximum load and the absorbed energy. 
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Figure 9. Effect of diameter on the performance parameter (β). 

 

Ignoring the simulation errors, it can be seen that by increasing the diameter, 

absorbed energy and the maximum load increase. Similar results were reported by 

Mamalis et al. [52] as well. Table 5 shows the results of the crashworthiness parameters 

of crash boxes with different thicknesses. Figure 10 shows the ascending behaviour of the 

maximum load and absorbed the energy of structures by increasing the thickness. By 

considering the value of performance function (β) in Figure 11, the crash box with a 

thickness of 1.5 mm is more suitable in a crash scenario. However, this superiority is only 

compared to other simulated thickness sizes and is not the best. In general, and ignoring 

the simulation errors, it can be seen that by increasing the thickness, absorbed energy and 

the maximum load increased, and the behaviour of the specific energy absorption is not 

predictable. Similar results were reported by some researchers [52-54]. 

 

Table 5. Effects of thickness on the crashworthiness parameters of a composite crash 

box. 

 

t (mm) Fmax (kN) Fmean (kN) η 
TEA 

(kJ) 
SEA (J/g) β 

1 231.20 25.10 0.10 3.70 37 24 

1.50 198.30 40.70 0.20 6.10 40 60.50 

2 297 33.20 0.11 5 25 13.80 

2.50 392.50 45.10 0.11 6.70 26.80 11.20 

3 566 47.70 0.08 7.20 24 5 

3.50 500.20 71 0.14 10.80 30.90 12.90 

4 773.10 84.80 0.10 13 32.50 6.30 

 

Figure 12 indicates the load-displacement curve of various crash boxes with and 

without triggers. Triggering reduces the maximum load and increases the area under the 

curve. Investigation of Figure 13 shows a positive effect of triggering in the design and 

structure of crash boxes with the changes in values of the maximum load, specific energy 

absorption, and the load efficiency. 
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Figure 10. Effect of thickness on the maximum load and the absorbed energy. 

 

 
 

Figure 11. Effect of thickness on the performance parameter (β). 

 

Table 6 summarises the values of the maximum force, mean force, load efficiency, 

specific energy absorption and performance function for simulated crash boxes without 

triggering and with three different trigger mechanisms. The results show that trigger 

mechanisms reduced the maximum load and had a good influence on the load efficiency 

and energy absorption similar results were reported in previous works [33, 55]. Also, tulip 

trigger is more effective according to the performance parameter β. 
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Figure 12. Comparison of force-displacement curves with three different types of trigger 

mechanisms. 

 

 
(a)     (b) 

 

Figure 13. Effect of trigger on: (a) the maximum force, (b) specific energy absorption 

and force efficiency for a composite crash box. 

 

Table 6. Crashworthiness parameters of simulated crash boxes with/without a trigger. 

 

Tulip Fillet Chamfer No trigger Trigger type 

132.70 182.30 185 198.30 Fmax (kN) 

52.70 72.50 58.90 40.70 Fmean (kN) 

56.20 74.50 58.90 40 SEA (J/g) 

0.39 0.39 0.31 0.20 η 
247.70 127 148 60.50 β 
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Figure 14 shows the load-displacement curves empty and foam-filled crash boxes 

with tulip triggering under the same conditions. Table 7 presents the important and 

effective parameter results for empty and foam filled crash boxes. From this table, it is 

concluded that foam-filling of crash box could increase the load efficiency which is 

desirable when the maximum load value is controlled due to passenger’s safety. Specific 

energy absorption has an increase about 20-22%. These increase in load efficiency and 

specific energy absorption due to foam-filling structures were reported by some 

researchers [39, 40, 46, 56, 57]. Furthermore, the value of performance function for foam 

filled crash box is much higher than empty one that shows better performance of foam 

filled than empty ones. 

 

 
 

Figure 14. Load-displacement curve of empty and foam-filled crash boxes with tulip 

triggering. 

 

Table 7. Crashworthiness parameters of an empty and foam-filled crash boxes. 

 

Foam Fmax (kN) Fmean(kN) η TEA (kJ) SEA (J/g) β 

- 132.70 52.70 0.39 7.90 56.20 247.70 

EPP 214.50 124.10 0.57 14.80 67.80 270.20 

 

CONCLUSION 

 

In this study, the effects of various parameters such as diameter, thickness, triggering and 

polymeric foam-filling in a cylindrical crash box were investigated. Three types of 

triggering, i.e., chamfer, fillet, and tulip are considered. EPP foam with excellent energy 

absorption and high impact resistance is used for filling the crash box. A new performance 

parameter is introduced for studying the crashworthiness of a crash box. This parameter 

considers the effects of the maximum load, mean load, and specific energy absorption. 

Based on the good agreement between the numerical and experimental results, numerical 

simulation could determine crash parameters of crash boxes. In general, by increasing the 

value of the diameter and thickness, the maximum load and the absorbed energy increase. 

Trigger mechanism increases the load efficiency about 95%. The maximum loads and the 

energy absorption of all triggered crash boxes are respectively less and higher than the 
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crash box without trigger. Triggering dramatically increased the amount of performance 

function about 144% for chamfer trigger, 109% for fillet trigger and 309% for tulip 

trigger. Among three simulated triggers, tulip trigger was desirable by reducing the 

maximum load about 30% and increasing amount of performance function about 309%. 

Force efficiency and specific energy absorption of foam-filled crash box increased about 

46% and 20%, respectively, compared to the empty crash box. 
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