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Abstract 16 

The standard BS EN 15227 requires accurate numerical modelling of railway vehicle 17 

energy absorbers that must be correlated against experimental data. Although thin-18 

walled tubes can exhibit anisotropy, such numerical models have traditionally 19 

included isotropic material properties. Thus, this work investigates whether 20 

anisotropic material models may increase the accuracy of numerical models of 21 

shrinking tube energy absorbers.    22 

Tensile testing of extruded AW-6082 aluminium alloy shrinking tubes showed the 23 

yield strength of the tubes was 10% lower in the hoop direction than in the 24 

longitudinal direction. Further, to assess the effect of incorporating anisotropic 25 

material behaviour in the numerical model, the tubes were compressed under quasi-26 

static conditions. 27 

Numerical models of the shrinking tubes, including isotropic (von Mises yield 28 

function) and anisotropic (Hill’s quadratic yield function) material properties, were 29 

compared to the experimental data. The isotropic numerical models overestimated 30 

the steady-state reaction force, even without the inclusion of friction, indicating that 31 

such models do not fulfil the requirements of the standard. Conversely, 32 

incorporating anisotropic material models predicted a lower reaction force and 33 

enabled the inclusion of energy dissipation by friction, by means of a coefficient of 34 

friction µ = 0.03. Although these results demonstrate the need to include anisotropy 35 

in the numerical simulation, the friction value was lower than expected due to the 36 

methodology of the material characterization and the accuracy of the anisotropic 37 

model implemented. 38 
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1 Introduction  41 

The requirements for energy absorbers for railway vehicles are defined across two European 42 

Standards: BS EN 12663 [1], which specifies the loads that energy absorbers may transmit to 43 

different railway vehicle structures; and BS EN 15227 [2], which specifies the required 44 

amount of energy that the energy absorber must dissipate for each type of railway vehicle. 45 

The latter also defines that these elements must provide overriding protection, by providing 46 

a methodology for colliding train units to engage, even if vertical offset or vertical loads are 47 

present during the collision [2]. Finally, it states that energy absorbing devices and crumple 48 

zones must be tested, with the results of full-size testing calibrated against the numerical 49 

model of the device. Therefore, the ability to produce numerical models that predict the 50 

energy absorbers performance accurately is a must for the manufacturers of railway vehicle 51 

energy absorbers. 52 

The use of collapsible cylindrical elements as energy absorbers was pioneered by Alexander 53 

in the 1960s [3]. Crash boxes and crumple tubes, such as those used profusely in the 54 

automotive sector, have also found application in the railway industry, such as the structure 55 

developed by Stadler Rail [4], the work by Pereira et al. [5] or the multi-cell design proposed 56 

by Seitzberger et al. [6] from SIEMENS rail. More recently, thin-walled energy absorbers 57 

have implemented multi-cell tubes, foam-filled tubes or functionally graded thickness (FGT) 58 

tubes [7] to achieve the requisite performance. These structures are all progressive buckling 59 

elements, with type II load-deflection properties as defined by Calladine and English [8], and 60 

tend to be incorporated into the railway vehicle structure.  61 

One of the major limitations of progressive buckling tubes is the fluctuating nature of the 62 

reaction force. Despite improvements to the uniformity of this force by the introduction of 63 
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corrugated tubes or functionally graded thickness (FGT) tubes [7], there is a tendency in the 64 

railway industry to use type I energy absorbers, for bolted-on elements such as centre 65 

couplers or anticlimbers. Of these, the most popular belong to four types of collapse modes: 66 

splitting tubes, cutting tubes, expansion tubes and shrinking tubes. 67 

The collapse mechanism of splitting tubes was pioneered by Stronge et al. [9] in the 1980s, 68 

with this type of energy absorber now used commercially [10]. By splitting square 69 

aluminium tubes, it was determined that energy was dissipated by fracture of the tube, the 70 

subsequent plastic deformation as curls formed, and friction due to interaction between the 71 

tube and the die [9]. Furthermore, theoretical models have been used to predict the 72 

reaction force. A thorough review of the cutting mechanism of plates and extrusions, and 73 

analytical models of these cutting mechanisms was undertaken by Magliaro and Altenhof 74 

[11]. 75 

The potential for cutting-style energy absorbers for railway vehicles has also been studied 76 

[12] [13] and subsequently commercialized [14]. These are based on the principle that the 77 

energy is absorbed by plastic deformation during the cutting of chips and tearing of the 78 

metal tube, as well as by friction between the knives and tube [12]. The peak force can be 79 

varied by altering the cutting depth and angle of the cutting knife, whilst aluminium tubes 80 

provide a more stable reaction force.  81 

However, the primary technologies used by dedicated manufacturers of railway energy 82 

absorbers, such as Voith [15], Dellner [16], or Oleo International [17] are based on 83 

expansion and shrinking tubes. 84 

Expansion tubes refer to those energy absorbers where energy is dissipated by the plastic 85 

deformation of a radially expanding tube, as a conical die is forced through the cavity of the 86 
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tube. Friction generated by the surfaces in contact also acts to dissipate energy. Whilst the 87 

energy is dissipated using similar mechanisms, shrinking tubes energy absorbers force the 88 

tube through a conical die ring to reduce the diameter of the tube. These two energy 89 

absorption mechanisms exhibit obvious similarities in the way the tube deforms, with the 90 

tube subjected to bending in the meridional direction, and circumferential stresses, albeit 91 

tensile in the case of expansion tubes and compressive in the case of shrinking tubes.  92 

Radial expansion of tubes has been investigated since the early 2000s [18] [19] [20]. One key 93 

parameter affecting the failure mode is the length of the tube, with longer tubes 94 

experiencing buckling whilst shorter ones fail by diffuse necking [18]. Numerous numerical 95 

models have been developed to assess the strain fields, which demonstrate high correlation 96 

against test data. These include those based on force balance of membranes [19], balance 97 

of forces [21] [22], energy balance [23] [24] [25], circle grid analysis [26] [27] [28], and 98 

eccentric compression [29], with consideration also made for shear effects [30]. Whilst 99 

primarily based on expanding steel, models have also been developed for use with 100 

aluminium [31]. The numerical models are highly dependent on the friction coefficient 101 

implemented to ensure correlation, with µ values ranging from 0.02 to 0.30, depending on 102 

model parameters. Once validated, such models can be used to understand deformation 103 

mechanisms [32] and hence optimise structures for maximal specific energy absorption 104 

(SEA) by considering the conical semi-angle, wall thickness and expansion ratio [33] [34]. 105 

Shrinking tubes have attracted somewhat less attention than expansion tubes in the context 106 

of energy absorption. However, they demonstrate greater energy dissipation efficiency than 107 

expansion tubes [35] [36]. As with those developed for expansion tube energy absorbers, 108 

models can be used for optimisation of the tube and die parameters [35] [37], as well as to 109 
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define novel energy absorbers that combine shrinking and splitting for a significantly 110 

improved (60%) absorption capability [38].  111 

The analytical models, as well as finite element (FE) models described all assume isotropic 112 

material behaviour, with isotropic yield criterion (either von Mises or Tresca). Furthermore, 113 

beyond yield, the material was assumed to be perfectly plastic or could be modelled using 114 

isotropic hardening. It is also worth noting that the value of the friction coefficient is 115 

determined by matching the test and numerical results. Remarkably, most researchers 116 

converged to similar values for the friction coefficients, with these summarised in Table 1. It 117 

can be noted that the friction coefficient ranges from µ = 0.02 to 0.25, with modal values of 118 

µ = 0.05 during expansion, with this increasing to 0.11 for shrinking tubes. The authors of 119 

the present study have previously observed [39] a friction coefficient value of µ = 0.05 for 120 

shrinking tubes used as rail vehicles anti-climbers.  121 

Table 1: Assessed coefficients of friction by different researchers and different tube 122 

deformation mechanisms, from physical experimentation and for a lubricated friction 123 

regime. 124 

DEFORMATION 
MECHANISM 

COEFFICIENT OF 
FRICTION  

CONDITION REF. 

Expansion 0.10 Lubricated [18] 

Expansion 0.02 Lubricated [20] 

0.20 Dry 

Shrinking 0.08 Lubricated 

0.30 Dry 

Expansion 0.05 Coated [29] 

0.10 Dry 

0.25 Blasted 

Expansion 0.05 Lubricated [33] 

Expansion 0.06 Lubricated [22] 

Expansion 0.05 Lubricated [31] 

Inversion 0.05 Lubricated [28] 

Shrinking 0.14 Dry [34] 

Shrinking 0.10 Lubricated [35] 

Shrinking 0.08 Lubricated [37] 
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It is worth noting that adjusting the friction coefficient within the simulation to match the 125 

test results to the model is only a valid approach if all other model parameters are accurate. 126 

Indeed, such adjustments may obscure the effect of the other parameters, such as the 127 

properties of the material used to manufacture the tubes, on the performance of the energy 128 

absorbers.  129 

The effect of anisotropy in tubes has also been investigated. Inclusion of non-quadratic yield 130 

functions, such as Hosford and Karafillis-Boyce, [40] and advanced anisotropic models [41] 131 

offered a better prediction during finite element analysis of the failure of hydroformed 132 

aluminium tubes. Additionally, such models have been used to enhance the understanding 133 

of the effects of expanding tubes during compression beading [42] and the formability of 134 

thin-walled aluminium tubes through correlation with forming limit curves (FLC) and 135 

fracture forming lines (FFL) [43]. 136 

This suggests that the performance of expansion tubes used as energy absorbers may be 137 

affected by the anisotropic nature of the material. In particular, the reaction force of 138 

anisotropic expansion tubes may not be accurately predicted using traditional isotropic 139 

material models, thus failing to meet the requirements of BS EN 15227 [2]. 140 

Thus, the objective of this paper is to assess the effect of anisotropy on the performance 141 

and simulation of AW-6082 T6 aluminium alloy shrinking tubes used as energy absorbers for 142 

railway vehicles. 143 

 144 

  145 
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2 Experimental and Numerical Simulation Methodology 146 

2.1 Experimental set-up 147 

Quasi-static tests were performed using a Hounsell hydraulic press with a maximum load 148 

limit of 3000 kN and a maximum displacement of 450 mm, with the experimental setup 149 

shown in Figure 1. The reaction force was measured using a Tokyo Sokki Kenkyujo 2000 kN 150 

load cell (CLC-2MNA), whilst vertical displacement of the hydraulic actuator was measured 151 

using a wire potentiometer (PT101) with a range of 50 ’’. The specimens were supported by 152 

the load cell, while the load was applied quasi-statically onto the upper surface of the 153 

specimens at an approximate rate of 4 mm/s. The specimens were lubricated using anti-slip 154 

copper grease to reduce the possible variable response caused by friction. The lubricant was 155 

applied over the external surface of the deformation tube and the inner bore of the die ring. 156 

 157 
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 158 

Figure 1: (a) Test rig and specimen assembly; (b) schematic diagram of the experimental 159 

setup. 160 

The whole assembly comprised the supporting base, the shrinking die ring and the 161 

deforming tube. The experiments included testing of tubes manufactured by a direct 162 

extrusion process with three different wall thicknesses. 163 

Three conical shrinking die rings with three different shrinking ratios were manufactured 164 

from 817M40 tool steel. Here, the nominal shrinking ratio of the deformation tube was 165 

defined as the ratio of the inner diameter of the die ring to outer diameter of the 166 

undeformed tube. In this manner, when the ratio of the ring inner diameter to the 167 
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undeformed tube outer diameter was 0.91, the shrinking ratio was defined as 9%. Likewise, 168 

when the diameter ratios were 0.87 and 0.77, the shrinking ratios were defined as 13% and 169 

23% respectively. For simplicity, these ratios are referred hereafter as R10, R15 and R25, 170 

respectively. As observed elsewhere [35], the tubes do not conform to the shape of the ring 171 

die and exhibit a gap between the reduced outer diameter of the tube and the inner 172 

diameter of the die due to the bending rigidity of the wall of the tube. Thus, the actual 173 

shrinking ratios are anticipated to be larger than the quoted nominal, due to the bending 174 

rigidity of the inward bending tube. 175 

The combination of three tube wall thicknesses and three die ring inner diameters produced 176 

nine different test configurations. The specimens which were aimed at achieving forces 177 

around 500 kN and which included the smallest wall thickness are referred as F050. 178 

Likewise, the specimens which aimed to achieve around 1000 kN of force, which included 179 

the middle wall thickness, are referred as F100. Finally, the specimens which aimed to 180 

achieve around 1500 kN of force, which included the largest wall thickness, are referred as 181 

F150. The nomenclature was completed with the shrinking ratios R10, R15 and R25. For 182 

example, the test configuration including a tube aimed at achieving a force 500 kN and 183 

including a shrinking ratio R = 10% shall be called F050R10, and the test configuration 184 

including a tube aimed at reaching a force of 1500 kN and including a shrinking ratio R = 15% 185 

shall be called F150R15. The length of the first batch of specimens (those specimens labelled 186 

“01” in Table 3) was L = 500 mm, with this decreased in the second batch to L = 300 mm (the 187 

specimens labelled “02” in Table 3). 188 
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2.2 Material Properties 189 

The deformation tubes were made of aluminium alloy AW-6082 T6, as per BS EN 573-3 [44]. 190 

The tubes were manufactured as direct extrusions, with material properties of the tubes 191 

determined through tensile tests undertaken in accordance with BS EN 6892-1:2009 [45] . 192 

Tensile tests were performed on material extracted along the longitudinal direction to the 193 

axis of the tube as well as along the transversal direction. Thus, testing on these two 194 

coupons, one for each direction, was aimed at capturing the different properties of the 195 

material along two major axes of symmetry: longitudinal and hoop directions. The small 196 

thickness of the wall prevented testing coupons in the other axis of symmetry, that is, along 197 

the radial orientation. 198 

The material of the die ring, 817M40 tool steel, has minimum quoted values for yield 199 

strength σy = 740 MPa, ultimate strength σu = 910 MPa and elongation e = 12.0%.  200 

2.3 Constitutive Model 201 

The reaction force in shrinking tubes is traditionally predicted using an isotropic material 202 

model for the tube material properties as stated in section 1, with an isotropic yield 203 

criterion. The yield criterion defines the yield surface, i.e. the threshold of a multiaxial stress 204 

state at which the material undergoes plastic deformation. The Von Mises yield criterion, 205 

shown in equation (1) where σy is the uniaxial yield strength, is the most commonly used for 206 

isotropic materials.  207 

1

2
[(𝜎1 − 𝜎2)

2 + (𝜎2 − 𝜎3)
2 + (𝜎3 − 𝜎1)

2 + 6(𝜎4
2 + 𝜎5

2 + 𝜎6
2)] = 𝜎𝑦

2 (1) 

Herein, a material model based on the von Mises yield criterion was used with the 208 

numerical models to predict the reaction force of the shrinking tubes in the traditional 209 
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manner. However, this does not account for different material properties in the longitudinal 210 

and hoop directions. 211 

Assuming orthogonal symmetry, Hill [46] developed one of the first anisotropic yield 212 

functions, often referred to as Hill’48 quadratic yield criterion. In the case of cylindrical 213 

tubes, the principal axes of anisotropy correspond to the radial, circumferential and 214 

longitudinal directions. The proposed function is of the form shown in equation (2), where F, 215 

G, H, L, M, and N are the anisotropy parameters to be defined. 216 

𝐻(𝜎1 − 𝜎2)
2 + 𝐹(𝜎2 − 𝜎3)

2 + 𝐺(𝜎3 − 𝜎1)
2 + 2(𝑁𝜎4

2 + 𝐿𝜎5
2 +𝑀𝜎6

2) = 1 (2) 

The relationships between these parameters are as shown in equations (3) through (8) 217 

where X, Y, Z are the tensile yield stresses in the principal anisotropic directions; and R, S, T 218 

are the yield stresses in shear with respect to the same principal axes. 219 

1

𝑋2
= 𝐺 + 𝐻 (3) 

1

𝑌2
= 𝐻 + 𝐹 (4) 

1

𝑍2
= 𝐹 + 𝐺 (5) 

𝐿 =
1

2𝑅2
 (6) 

𝑀 =
1

2𝑆2
 (7) 

𝑁 =
1

2𝑇2
 (8) 

In the case of rotational symmetry about the z axis, the relations (9) and (10) are also true. 220 

𝐹 = 𝐺 (9) 

𝑁 = 𝐺 + 2𝐻 (10) 

Whilst there exists a wealth of more advanced anisotropic yield criteria [47], Hill’48 will be 221 

used for the purposes of this investigation. This is due to the simplicity of the Hill’48 222 

anisotropic yield criterion and its similarity to the well-known von Mises isotropic yield 223 

criterion. Also, this model is readily available to implement within the finite element code of 224 

choice, as detailed below. 225 
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The Hill’48 yield criterion requires 6 parameters in order to be fully defined. Due to the 226 

complexity of determining the material properties of the tube in the radial direction, it was 227 

assumed that the shrinking tube exhibits rotational symmetry, enabling the adoption of 228 

transverse isotropy. Under this assumption the anisotropic parameters F and G comply with 229 

equation (9). An additional simplification is that the shear yield stresses about the x and y 230 

axes are not affected by anisotropy. This assumption implies that the anisotropic 231 

parameters L and M would take the same values as in the isotropic conditions [47]. 232 

Therefore, the anisotropic parameters F (or G) and H need to be determined, requiring the 233 

tensile yield stresses in two directions, the longitudinal and hoop directions. 234 

 235 

2.4 Finite Element Modelling 236 

Shrinking tubes exhibit axisymmetrical deformation. Thus, and to reduce computational 237 

time, axisymmetric finite element models were built using the explicit finite element 238 

commercial software LS-DYNA and run using two Intel Xeon E5-2667 v3 processors with 239 

shared memory parallel processing (SMP). The model of the shrinking tube used to perform 240 

the force reaction prediction based on isotropic material properties, shown in Figure 2, 241 

comprised five different parts: the deformation tube (A), the die ring (B), the base (C), the 242 

stationary rigid base (D) and the driving rigid tube (E). Figure 2 (a) shows the initial mesh, 243 

whilst Figure 2 (b) shows the deformed shape. The base (C) and die (B) ring were fully 244 

constrained by a rigid section at the end of the base (D). The tube (A) was forced through 245 

the die ring (B) by means of a rigid section of the tube (E), which was given a constant speed 246 

(*BOUNDARY_PRESCRIBED_MOTION_RIGID). This section was allowed to move on the XY 247 

axisymmetric plane but constrained in the Z out-of-plane direction. 248 
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 249 

Figure 2: Axisymmetric numerical model of the shrinking tube. 250 

 251 

The dedicated automatic penalty-based axisymmetric contact 252 

*CONTACT_2D_AUTOMATIC_SURFACE_TO_SURFACE was used between the deformation 253 

tube and the die ring, parts (A) and (B), as described by the LS-DYNA manual [48]. Shell 254 

elements with element formulation 15 (2D axisymmetric solid elements) were included in 255 

the model. Four integration points were implemented to prevent hourglass modes. The LS-256 

DYNA material model (*MAT_PIECEWISE_LINEAR_PLASTICITY) captures the material 257 

plasticity by introducing a monotonically increasing curve. 258 

Tensile test samples are typically extracted from the longitudinal direction of the tube, as 259 

the wall thickness of most tubes makes it impracticable to extract tensile samples in the 260 

transverse direction. This approach was followed by several researchers quoted in the 261 

introduction [22] [31] [35] [37] [39]. Herein, data obtained from samples extracted from 262 
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both the longitudinal and transverse directions of the tube is implemented. The 263 

experimentally derived stress-strain curves were converted into true stress-true strain 264 

curves and imported into the material card of the deformation tube. In this manner, the 265 

tubes are assumed to be isotropic, with similar material properties in every direction. The 266 

material model included for the die ring was 817M40 steel, with mechanical properties as 267 

previously described. 268 

To assess the sensitivity of the model to element density, discretization through the wall 269 

thickness of the deformation tube of 6, 12 and 24 elements was evaluated. In accordance 270 

with other researchers [20] [22] [34], the tests were performed quasi-statically. Time 271 

scaling, which virtually increases the model speed, was used to reduce the run-time. 272 

However, this can introduce spurious inertial effects on the highly accelerated parts which 273 

do not represent the real behaviour of the tube. Thus, three different models were built 274 

using 6 elements through the wall thickness and with the speed of the base and die ring 275 

parts, parts (B) and (C), varied to 0.1, 1.0 and 10.0 m/s. The run-time was 1 hour 22 minutes, 276 

24 minutes, and 3 minutes for the 0.1, 1.0, and 10.0 m/s models respectively. The final mesh 277 

density ranged between 2000 and 3000 elements. 278 

To implement Hill’48 material model for solid elements, 3D numerical models were 279 

constructed. The selection of 3D models was motivated by the fact that LS-DYNA Hill’48 280 

anisotropic material model is only implemented for solid elements. In the same manner as 281 

the axisymmetric model, the solid model comprised five different parts: the deformation 282 

tube (A), the die ring (B), the base (C), the stationary rigid base (D) and the driving rigid tube 283 

(E), as shown in Figure 3 (a). One-eighth of the shrinking tube was modelled to save 284 

computational time. Therefore, the model was made of a 45° solid of revolution around the 285 
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longitudinal axis of the tube, Figure 3 (b). The deformation tube part included 6 elements 286 

through the wall thickness, which resulted in models with approximately 60000 elements. 287 

Symmetric boundary conditions were applied on the faces shown, using local coordinate 288 

systems. The LS-DYNA material model *MAT_HILL_3R_3D includes Hill’48 anisotropic 289 

plasticity theory. The model is available for solid elements and accepts the dimensionless 290 

anisotropic parameters F, G, H, L, M, N. The z axis must be used as the reference 291 

(longitudinal) direction. The material model *MAT_HILL_3R_3D was included, together with 292 

the experimentally determined anisotropic parameters.  293 

The critical deformable parts, such as the deformation tube and the die ring, included at 294 

least six elements through thickness, to accurately capture their deformation. To avoid 295 

hourglassing, fully integrated hexahedral solids, element formulation 2, with a characteristic 296 

length of 1-2 mm were used. An automatic penalty-based contact formulation was selected 297 

for the areas in contact (*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE).  298 



  

17 

 

 299 

Figure 3: (a) 3D solid numerical model of the shrinking tube; and (b) symmetry boundary 300 

conditions.  301 

  302 
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3 Results 303 

3.1 Material Properties 304 

The engineering stress-strain curve of the two coupons is shown in Figure 4. The measured 305 

yield strengths were σy = 327 MPa and 293 MPa, whilst the ultimate strengths were σu = 373 306 

MPa and 339 MPa, and the elongations were e = 14.3% and 13.7%, for the longitudinal and 307 

transversal coupons respectively. With an average yield stress ratio between the two curves 308 

of 0.90, the strength of the tube in the hoop direction was 10% weaker than in the 309 

longitudinal direction, indicating the quantifiable material anisotropy of the aluminium 310 

extrusions. 311 

A simple power curve relation of the form σ = Kεn was fitted to the data, resulting in 312 

parameters Klong = 432.5MPa and nlong = 0.0590 for the axial coupon data; and Ktrans = 313 

396.5MPa and ntrans = 0.0606 for the transversal coupon data. 314 

 315 
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Figure 4: Engineering stress-strain properties of the longitudinal and transversal coupons 316 

from the AW-6082 T6 extruded tubes, from tensile test. 317 

 318 

The tensile yield stresses were used with Equations (2) to (10) to determine the anisotropic 319 

parameters. The results were F = G = 0.500/Z2, H = 0.735/Z2 and N = 1.970/Z2. In order to 320 

convert these to dimensionless parameters, the equations were pre-multiplied by Z2. The 321 

values of the anisotropic dimensionless parameters are shown in Table 2, together with 322 

their counterpart values for an isotropic material. Notice that the values of M and L have 323 

been assumed isotropic in both cases. 324 

Table 2: Isotropic and anisotropic Hill’48 parameters for the AW-6082 T6 aluminium tubes. 325 

 H F G N L M 

ISOTROPIC 0.500 0.500 0.500 1.500 1.500 1.500 

ANISOTROPIC 0.735 0.500 0.500 1.970 1.500 1.500 
 326 

3.2 Experimental Results 327 

One specimen of each of the test configurations with a shrinking ratio of 10% was tested, 328 

test configurations F050R10, F100R10 and F150R10. Figure 5 shows the deformed shapes of 329 

these tubes after test once the undeformed ends for further testing had been removed, and 330 

the force-displacement properties of the three tubes. The steady-state force was 262.1, 331 

514.9 and 721.1 kN for the F050R10, F100R10 and F150R10 samples respectively. 332 

 333 
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Figure 5: (a) Photograph of the shrinking tubes with shrinking ratio 10% after test; and (b) 334 

experimental force-displacement properties of the three specimens. 335 

 336 

For the tubes with 15% shrinking ratio, F050R15, F100R15 and F150R15, specimens with 500 337 

mm (-01) and 300 mm (-02) length of each configuration were tested, with the deformed 338 

shapes of these tubes after test and their force-displacement properties shown in Figure 6. 339 

The steady-state forces were 340.1, 596.4 and 868.7 kN for the F050R15-01, F100R15-01 340 

and F150R15-01 samples respectively, with slightly increased values of 345.8, 596.7 and 341 

914.7 kN for the shorter F050R15-02, F100R15-02 and F150R15-02 samples. Again, the 342 

undeformed ends of the tubes were cut and removed after testing, although the F150R15 343 

specimen is shown prior to cutting. The force-displacement properties of the F150R15 with 344 

a 300 mm tube length (F150R15-02) were measured after a pre-deformation stage of 100 345 

mm of stroke, and therefore the force response of the tube increases almost immediately to 346 

the steady-state force of the tube. It can be observed that, in this latter case, the force 347 

properties exhibited a marked peak, approximately 1000 kN, followed by a gentle settling 348 

towards the steady state force. 349 

 350 

Figure 6: (a) Picture of the shrinking tubes with shrinking ratio 15% after test; (b) 351 

experimental force-displacement properties of the six specimens. 352 

 353 
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Specimens of 500 mm (-01) and 300 mm (-02) length for each of the R25 (25% shrinking 354 

ratio) tubes (F050R25, F100R25 and F150R25) were tested. Figure 7 shows the deformed 355 

shapes of a set of these tubes after test, and the force-displacement properties of the six 356 

tubes. Again, the undeformed ends of the tubes were cut and removed after testing. It 357 

should be noted that the force-displacement properties of F050R25-02 were measured after 358 

a pre-deformation stage of 80 mm of stroke. Steady-state forces of 586.3, 969.0 and 1557.4 359 

kN were recorded for the F050R25-01, F100R25-01 and F150R25-01 samples respectively, 360 

and 600.3, 1061.8 and 1558.3 kN for the F050R25-02, F100R25-02 and F150R25-02 samples. 361 

 362 

Figure 7: (a) Picture of the shrinking tubes with shrinking ratio 25% after test; (b) 363 

experimental force-displacement properties of the six specimens. 364 

 365 

The nominal and measured shrinking ratio of the tubes are summarised in Table 3, along 366 

with the steady state forces measured during test. It can be observed that the steady state 367 

force increased as the wall thickness and/or the shrinking ratio was enlarged, although this 368 

relationship exhibited non-linear behaviour, as shown in Figure 8. Additionally, the 369 

measured deformed diameters were generally consistent for the different wall thicknesses. 370 

Two of the test configurations, F100R25 and F150R15, exhibited a larger discrepancy, with 371 
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deviations of 46.4 and 23.0 kN respectively, however, this was still within 5% of the original 372 

value.  373 

Table 3: Tests results. 374 

TEST 
SPECIMEN 

LENGTH 
(mm) 

NOMINAL 
SHRINKING 
RATIO (%) 

ACTUAL 
SHRINKING 
RATIO (%) 

STEADY 
STATE 
FORCE 

(kN) 

STEADY 
STATE 

AVERAGE 
FORCE 

(kN) 

STANDARD 
DEVIATION  

(kN) 

F050R10 – 01 500 10 10.6 262.1 262.1 - 

F100R10 – 01 500 10 10.7 514.9 514.9 - 

F150R10 – 01 500 10 9.5 721.1 721.1 - 

F050R15 – 01 500 15 14.9 340.1   

F050R15 – 02 300 - 345.8 342.9 2.8 

F100R15 – 01 500 15 15.4 596.4   

F100R15 – 02 300 - 596.7 596.6 0.2 

F150R15 – 01 500 15 15.1 868.7   

F150R15 – 02 300 - 914.7 891.7 23.0 

F050R25 – 01 500 25 25.2 586.3   

F050R25 – 02 300 - 600.3 593.3 7.0 

F100R25 – 01 500 25 25.9 969.0   

F100R25 – 02 300 - 1061.8 1015.4 46.4 

F150R25 – 01 500 25 25.2 1557.4   

F150R25 – 02 300 - 1558.3 1557.9 0.5 

 375 

   376 

Figure 8:  Steady state force vs. shrinking ratio. 377 

 378 
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3.3 Assessment of Model Parameters 379 

The effect of the number of elements and the speed of the model have been assessed. The 380 

force-displacement properties of the axisymmetric models with the 6, 12 and 24 elements 381 

through the wall thickness of the deformation tube converged to similar values, as shown in 382 

Figure 9 (a). This indicates that the models with 6 elements through the wall thickness can 383 

be used without loss of accuracy. It is worth noting however that the properties of this 384 

model exhibited a regular pattern of peaks and troughs not observed in the other more 385 

densely discretized models. The peaks were caused by the proximity of the contacting 386 

opposite nodes of the deformation tube and die ring parts, whilst the troughs were caused 387 

by the distancing of these nodes. Greater refinement of the mesh diminished this effect 388 

without altering the average force. 389 

The force-displacement properties for the models run at different speeds, shown in Figure 9  390 

(b), also converged to similar values. The inertial term in the equation of motion should be 391 

negligible under quasi-static conditions, however this may become non-negligible at higher 392 

speeds. As the model run at 10 m/s displayed a more irregular force trace, indicating inertial 393 

effects taking place, it was therefore decided to run subsequent models at 1.0 m/s. In 394 

addition, the kinetic and internal-deformation energies for the models run at 1.0 m/s were 395 

compared. Figure 9 (d) shows the kinetic and internal-deformation energies for the F050R10 396 

axisymmetric and 3D solid models. In both cases the kinetic energy amounted to 397 

approximately 0.3% of the internal energy; the ratio of kinetic energy to internal energy was 398 

similarly small for all the other models. 399 

For a quasi-static test, there is no transition from static to dynamic friction regimes and the 400 

value of the static coefficient of friction may be regarded as a constant. Including a dynamic 401 
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coefficient of friction would lead to different mean forces between the models run at 402 

different speeds, which would invalidate the comparison. Therefore, the models discussed 403 

in Figure 9 did not include friction between the contacting parts and are only used for 404 

comparative purposes. The correlation between the experimental and numerical results, 405 

including friction, will be explored further below. Additionally, the force-displacement 406 

properties for the 2D axisymmetric and the 3D solid models with 6 elements through the 407 

wall thickness, Figure 9 (c), show the 3D solid model predicts a force 1.3% smaller than that 408 

predicted by the axisymmetric model. 409 

 410 

 411 

 412 

Figure 9: Force-displacement properties of the axisymmetric models with: (a) 6, 12 and 24 elements 413 

through the wall thickness of the deformation tube; (b) speed 0.1, 1.0 and 10.0 m/s (these three 414 
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models included 6 elements through thickness); (c) 2D axisymmetric and 3D solid models; and (d) 415 

kinetic and internal-deformation energies for the F050R10 axisymmetric and 3D solid models 416 

 417 

3.4 Isotropic Numerical Modelling  418 

Axisymmetric models were used to predict the force-displacement properties of the 419 

different tested tubes, using isotropic material models for the shrinking tubes. The thickness 420 

was modelled with 6 elements; furthermore, time scaling was employed to apply a constant 421 

speed of 1.0 m/s to the die ring and base assembly. Two numerical models were run for 422 

each sample with different friction coefficients, µ = 0.00 and µ = 0.05, so that the 423 

appropriate coefficient of friction could be interpolated/extrapolated from these results to 424 

match the steady state forces measured experimentally. 425 

The force-displacement properties of the experimental and numerical results for the 10%, 426 

15% and 25% shrinking ratio specimens are shown in Figure 10, Figure 11 and Figure 12 427 

respectively. Generally, the numerical models were able to accurately predict the shape of 428 

the force-displacement graphs. However, the F150R25 tubes exhibited a significant peak 429 

prior to the steady-state stage, which, unlike the properties displayed by the other 430 

specimens, exceeded the magnitude of the steady state force value. The model did not 431 

account for this behaviour.  432 
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 433 

Figure 10: Comparison of force-displacement properties of the experimental and numerical 434 

results for the 10% shrinking ratio specimens (a) F050R10; (b) F100R10; and (c) F150R10. 435 
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 436 

Figure 11: Comparison of force-displacement properties of the experimental and numerical 437 

results for the 15% shrinking ratio specimens (a) F050R15; (b) F100R15; and (c) F150R15. 438 

 439 
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 440 

Figure 12: Comparison of force-displacement properties of the experimental and numerical 441 

results for the 25% shrinking ratio specimens: (a) F050R25; (b) F100R25; and (c) F150R25. 442 

 443 

To understand the impact of data obtained from the transversal section of the tube, the 444 

axisymmetric F050R10, F100R10 and F150R10 numerical models were run using the stress -445 

strain material properties found from the transversal coupon shown in Figure 4. Figure 13 446 

shows that, as with the models that used material properties obtained from the longitudinal 447 

coupon, these models accurately depicted the shape of the force-displacement response.   448 
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 449 

Figure 13: Comparison of force-displacement properties of the experimental and the 450 

numerical results including the material properties found from the transversal coupon; for 451 

the 10% shrinking ratio specimens (a) F050R10; (b) F100R10; and (c) F150R10. 452 

 453 

3.5 Anisotropic Numerical Models Results 454 

In the same manner as for the axisymmetric numerical models in the previous section, the 455 

models which included material anisotropy were run with friction coefficients of µ = 0.00 456 

and µ = 0.05, so that the appropriate coefficient of friction could be 457 

interpolated/extrapolated from these results. 458 

The comparison of the force-displacement properties of the numerical models with the 459 

Hill’48 material model and the experimental results are shown in Figure 14, Figure 15 and 460 

Figure 16 for specimens with shrinking ratios of 10%, 15% and 25% respectively. 461 
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It can be noted that no experimental force-displacement curve falls below the simulation 462 

predictions without friction. 463 

 464 

Figure 14: Force-displacement properties of the experimental and numerical results 465 

including Hill’48 material model; for the 10% shrinking ratio specimens (a) F050R10; (b) 466 

F100R10; and (c) F150R10 467 

 468 
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 469 

Figure 15: Force-displacement properties of the experimental and numerical results 470 

including Hill’48 material model; for the 15% shrinking ratio specimens: (a) F050R15; (b) 471 

F100R15; and (c) F150R15 472 

 473 
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 474 

Figure 16: Force-displacement properties of the experimental and numerical results 475 

including Hill’48 material model; for the 25% shrinking ratio specimens: (a) F050R25; (b) 476 

F100R25; and (c) F150R25 477 

 478 

  479 



  

33 

 

4 Discussion 480 

4.1 Shape of the Shrinking Tube 481 

Shrinking tubes deform in a similar manner as expansion tubes. The shape of the F100R25 482 

deformation tube, at specified intervals, together with the experimental force-displacement 483 

properties is shown in Figure 17. The deformation stages of the shrinking tube herein very 484 

closely follow those described by others [31], with this particular tube defined as large die 485 

mode [36], whereby the inner diameter of the die is larger than the critical inner diameter. 486 

In the first 5 mm of stroke, the force increases rapidly to 228 kN with the rapidity of the 487 

increase implying that this initial stage is dominated by the elastic deformation of the tube. 488 

As the stroke increases from 5 to 24 mm, the force drops slightly, before starting a gentler 489 

increase until reaching 266 kN. During this stage, the tube bends inwards as the contact 490 

point between the tube and the die slides down the conical surface of the die. The force 491 

gradient then increases until a local maximum force, of 853 kN, at a stroke of 72 mm. During 492 

this stage, the contact point between the tube and the die remains stationary, with the tube 493 

progressing further by conforming to the conical surface of the die. Beyond 72 mm of 494 

stroke, the tube reaches the transition between the conical and straight sections of the die 495 

ring, causing the tube to overshoot the die and start unbending. Thus, the force keeps 496 

increasing, albeit with a smaller gradient, until, at a stroke of 110 mm and force of 975 kN, 497 

the advancing tip of the tube finishes unbending, at which point the force is almost the 498 

steady-state force that it will exhibit thereafter.  499 
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 500 

Figure 17: Evolution of the simulated F100R25 deformation tube shape, compared to the 501 

experimental force-displacement results. 502 

 503 

4.2 Effect of Anisotropy on the Reaction Force 504 

The results of this work suggest that: a) the reaction force of anisotropic shrinking tubes is 505 

lower than would be expected if the material was isotropic; and b) the established approach 506 

to predict the performance of energy absorbers, thus fulfilling the requirements outlined in 507 

BS EN 15227 [2], may not be appropriate when using anisotropic tubes. 508 

Indeed, the traditional approach of predicting the expansion tubes performance by using 509 

isotropic material properties and assessing the friction coefficient from physical 510 

experiments failed in the case of three of the tested tubes herein. The models for the 511 
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F50R10, F100R15 and F150R15 specimens suggest that the plastic work would be sufficient 512 

to exceed the reaction forces measured experimentally, even before including the effects of 513 

friction. Furthermore, the predicted friction coefficients for the other six specimens were 514 

much lower than was expected from the literature (as quoted in Table 1). 515 

This could be expected, with the aluminium extrusions used herein demonstrating 516 

anisotropic behaviour during tensile testing. Therefore, it is suggested that anisotropy may 517 

be an important factor affecting the performance of shrinking tubes used as energy 518 

absorbers; in this case this is manifested by a reduction in the reaction force.  519 

The effect of the anisotropic properties of the aluminium extrusions on the reaction force of 520 

the shrinking tubes was assessed by comparing the results of isotropic and anisotropic 521 

numerical models. The material strength of the tube in the hoop direction has been shown 522 

herein to be weaker than in the axial direction. As the wall of a shrinking tube is subjected 523 

to large hoop strains, it could be expected that the weaker strength of the tube in the hoop 524 

direction may lead to a reduced reaction force. Indeed, it has been shown that the forces 525 

predicted by the anisotropic models lie between the results from axisymmetric simulations 526 

using material properties from the different tube directions. 527 

The steady state forces obtained experimentally and by simulation, including the isotropic 528 

and anisotropic material models are summarised in Table 4. Inclusion of the Hill’48 material 529 

model reduced the predicted steady state forces by 5.4-9.7% compared to the isotropic 530 

numerical models. The reduction is more noticeable for the models when the shrinking ratio 531 

was 25%, which may be due to the greater fraction of plastic deformation caused by the 532 

larger radial shrinking ratio. 533 

The predicted coefficients of friction that match the anisotropic simulation with the 534 

experimental results are also detailed in Table 4. The friction coefficients range between 535 
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0.007 and 0.051, with an average value of µave = 0.032. This is still smaller than most 536 

coefficients of friction quoted in the literature, see Table 1, for shrinking and radial 537 

expansion tubes. A possible reason for this could be models employed. In particular, the 538 

inclusion of non-quadratic yield criterium has been demonstrated to improve alignment 539 

between numerical modelling and experimental test data of hydroforming of aluminium 540 

tubes [49] [50] as well as biaxial tensile and hole expansion tests [51]. Thus, using a more 541 

advanced yield criterion may lead to more accurate predictions of the reaction force of 542 

shrinking tubes. 543 

Table 4: Summary of the steady state force experimental and simulation results, including 544 

the isotropic and Hill’48 material models, together with the predicted coefficient of friction 545 

based on the results of the numerical models with the Hill’48 material model. 546 

SPECIMEN 

AVERAGE 
EXPERIMENTAL 
STEADY STATE 

FORCE (kN) 

SIMULATION 
ISOTROPIC µ 

= 0.00 
STEADY 

STATE FORCE 
(kN) 

SIMULATION 
HILL'48 µ = 

0.00 
STEADY 

STATE FORCE 
(kN) 

VARIATION 
HILL’48/ISOTROPIC 

(%) 

PREDICTED 
COEFFICIENT 
OF FRICTION 
µ (HILL'48) 

F050R10 262 268 247 -8.0% 0.019 
F100R10 515 463 429 -7.3% 0.051 
F150R10 721 694 627 -9.7% 0.036 
F050R15 343 336 308 -8.4% 0.034 
F100R15 597 608 570 -6.2% 0.015 
F150R15 892 919 870 -5.4% 0.007 
F050R25 593 572 519 -9.2% 0.041 
F100R25 1015 985 894 -9.2% 0.038 
F150R25 1558 1442 1318 -8.6% 0.047 

 547 

4.3 Characterization of the material 548 

Another cause for the discrepancies between experimental data and numerical models may 549 

relate to the methodology of material characterization. The mechanical properties of the 550 

tubes in the hoop direction were determined by tensile testing of coupons extracted from 551 

the transverse direction. This methodology only enables the middle section of the coupon 552 

coinciding with the hoop direction to be evaluated as the rest of the straight length of the 553 
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coupon is partially aligned with the radial direction. As the radial alignment increases 554 

towards the shoulders of the coupons, the coupon does not solely measure the mechanical 555 

properties in the hoop direction. As such, if the material strength of the tube is greater in 556 

the radial direction than the hoop direction, the stress-strain properties in the hoop 557 

direction could be overestimated. 558 

The Ring Hoop Tension Test (RHTT) can be used to assess the mechanical properties of 559 

tubes in the hoop direction [52]. This uses D-shaped mandrels to accommodate the 560 

curvature of the ring, and hence ensure that the sample is only subject to hoop strains. This 561 

suggests there could be significant directional differences in the properties, with the yield 562 

strength up to 20% lower in the hoop direction as opposed to longitudinally [53]. The 563 

differences observed here suggest approximately 10% difference between strengths in the 564 

hoop and longitudinal directions, and as such could affect the predicted performance 565 

slightly differently than if the difference was 20%. 566 

 567 

5 Summary and Conclusions 568 

To conform to the relevant standards and hence ensure suitable safety, the performance of 569 

energy absorbers for railway vehicles must be demonstrated using numerical models that 570 

have been correlated against experimental data. Traditionally, such models use isotropic 571 

material properties, however the anisotropy of the tubes may impact their performance. 572 

Thus, this paper investigated the effect of anisotropy on the performance of railway energy 573 

absorbers based on shrinking tube technology, including whether its inclusion in numerical 574 

models offered the possibility to improve accuracy.  575 
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The mechanical properties of AW-6082 aluminium alloy shrinking tubes were quantified, 576 

with tensile tests indicating the yield strength was 10% lower in the hoop direction as 577 

opposed to longitudinally.  578 

Numerical models of the shrinking tubes were created with isotropic (von Mises yield 579 

function) and anisotropic (Hill’s quadratic yield function) material properties. The reaction 580 

force was overpredicted when using isotropic material models, with values exceeding those 581 

determined experimentally. As this feature prevented the numerical model from correlating 582 

the test results, this does not pass the criterion defined in the standard BS EN 15227. 583 

The anisotropic numerical models predicted lower reaction forces, that were correlated 584 

with the test data by accounting for friction by the inclusion of a coefficient of friction of µ = 585 

0.03. However, this is lower than values obtained by other researchers, with two possible 586 

reasons identified for this discrepancy. First, the method of material characterization is 587 

likely to have overestimated the hoop yield stress by also partly accounting for the 588 

longitudinal properties. Additionally, other more advanced anisotropic material models 589 

have been included in other contexts that could offer greater accuracy herein. As further 590 

work, it is envisaged to apply these to further improve the understanding of the effect of 591 

anisotropy on energy absorbers based on shrinking tube technology. Furthermore, as the 592 

energy absorbers are to be used as crash structures for railway vehicles, it is anticipated that 593 

further analyses will evaluate the performance of the tubes under dynamic loading 594 

conditions as opposed to quasi-static.  595 
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