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Abstract. The torsional split Hopkinson bar (SHB) is an important method to study the dynamic shear 
behaviour and shear localization of materials under high strain rates. Different specimen sizes were used in 
literatures, and the size of the specimen might have an effect on the experimental results. Numerical 
simulation on torsional SHB tests was carried out with LS-DYNA. The strain signal on the incident and 
transmitted bars were obtained from the simulation just as the experiment. Then the numerical strain-stress 
relationship of the material was derived from the numerical strain signal using the experiments data process 
of torsional SHB. The agreement between numerically derived strain-stress results and the specimen 
material properties specified in numerical modelling indicates that the torsional SHB is applicable to study 
the dynamic shear behaviour of materials under high strain rates. The specimen gauge diameter has no 
significant effect on the dynamic torsional test result. However, higher adhesive strength is required to fix 
the larger gauge diameter specimen on the bars. The specimen gauge thickness has little effect on the 
experimental results with a modified formula to calculate the specimen stress. Still, the increase of specimen 
gauge thickness will lead to the increase of non-uniformity of specimen stress and strain (strain rate). Based 
on the simulation analysis, suggestions on the specimen size design are given as well.

1 Introduction  

The torsional split Hopkinson bar (SHB) technology is 
an important method to study the dynamic shear 
behaviour and shear localization of materials under high 
strain rates. In this technique, a short specimen (thin-
walled tube with two flanges) fixed between two elastic 
bars undergoes a high strain rate shear plastic 
deformation by a torsional stress wave loads generated in 
the incident bar. Torsional SHB technique can 
effectively avoid the geometric dispersion of wave 
propagation, the end face friction, radial inertia and the 
geometric in-homogeneity in large strain. 

The torsional SHB was proposed by Baker and Yew 
in 1966 [1]. This method was studied and improved by 
many researchers [2-5]. A large number of materials 
have been studied on the high strain rate shear 
mechanical properties and adiabatic shear with this 
experimental method [6-12]. Various sizes of specimen 
gauge length, diameter and thickness were chosen in 
different researches. In this paper, the numerical 
simulation of torsion SHB loading process is carried out 
by LS-DYNA. The strain signal on the incident and 
transmitted bars were obtained from the simulation just 
as the experiment. Then the numerical strain-stress 
relationship of the material was derived from the 
numerical strain signal using the experiments data 

process of torsional SHB. The effects of specimen size 
are discussed based on the numerical experiment results. 
 The distribution of stress and plastic deformation of 
the specimen in the loading process are analysed further. 
A series of numerical experiments are carried out by 
changing the size of the specimen, the influence of the 
parameters on the experimental results is analysed, and 
suggestions on the specimen size design are given. 

2 Finite element model 

In the torsional SHB experiment, two long elastic 
cylindrical bars are coaxial fixed with the specimen 
between them. A torsional stress wave is generated in the 
incident bar by releasing an initial stored torque between 
the loading wheel and a clamp. When the wave 
translated to the interface between the incident bar and 
the specimen, a part of it is reflected, while another part 
goes through the specimen and develops the transmitted 
wave in the output bar. The specimen gauge section 
undergoes high strain rate deformation during the wave 
translating process. Based on one-dimensional stress 
wave theory, the load and displacement process of the 
specimen can be obtained by the strain history 
measurement in the long bars. With the assumption of 
uniform deformation in specimen (neglecting the 



2

EPJ Web of Conferences 183, 01020 (2018) https://doi.org/10.1051/epjconf/201818301020
DYMAT 2018

propagation of the stress wave in the specimen), the 
dynamic shear stress, strain and strain rate of the 
specimen are calculated then.

The numerical simulation of torsional SHB was 
conducted with LS-DYNA. The input bar, output bar and 
specimen are included in the simulation, as shown in 
figure 1. The dimensions of both bars are diameter of 25 
mm and length of 2000 mm. The inner diameter of the 
specimen gauge section is 10mm, and the thickness is 1 
mm. The outer diameter of the specimen flange is 25 
mm. The mesh dimension of bars is 2 mm. In order to 
effective describe the in-homogeneous deformation in 
radial direction, the thin-walled gauge length section of 
the specimen is meshed with five layers along thickness, 
and the specimens are divided into 120 elements in 
circumference. 

a)  Entire experiment model 

b) Cross section of specimen model 

Fig. 1. The FEM model of torsional SHB in the simulation. 

In the numerical simulation, a time dependent 
angular velocity boundary condition is applied at the 
front end of the input bar to simulate loading process in 
the experiment. 

The specimen and the bars are bonded by adhesive in 
the experiment. This connection is simulated with the 
function CONTACT_TIED_SURFACE_TO_SURFACE 
in LS-DYNA. The numerical incident and transmitted 
wave in the bars are shown in figure 2 in the case of the 
two long bars fixed together with this function. It can be 
seen that these two waves are exactly the same. This 
indicates that the connection simulation of TIE method 
has no effect on the propagation of the stress wave, and 
the propagation of shear wave in the bars can be 
described effectively with the model. 

The elastic constitutive model (*MAT_ELASTIC) is 
applied for the bars, while the elastic-plastic model 
(*MAT_PLASTIC_KINEMATIC) for the specimen. 
 The constitutive model parameters of the bars and 
specimen are shown in Table 1. In the numerical 
simulation, the strain rate effect of specimen material 
property is not taken into account so that it is convenient 
for the comparison of the results obtained by numerical 
experiment with the input parameters. 

Fig. 2. The incident and transmitted stress wave curve of two 
bars fixed together.

Table 1. Constitutive model parameters of bars and the 
specimen. 

Density
kg/m3

Elastic 
modulus

GPa 

Poisson's 
ratio 

Yield 
stress
MPa 

Hardening 
modulus

MPa 

bars 4400 110 0.28 — — 

specimen 7800 200 0.28 400 500 

3 Simulation results and analysis 

3.1 Results of numerical experiments 

The output strain information of the element in the 
numerical simulation contains the six components in 
Cartesian coordinates. The shear strain signal of bar 
surface at middle section is obtained through coordinate 
transformation. To obtain the strain signal just as the 
experiment, the distance between the element centre and 
the bar surface is taken into account in the 
transformation. The final curve in the numerical 
experiment is shown in figure 3. The shear stress-strain 
curve of the specimen material is obtained based on the 
curve in figure 3 and is shown in figure 4. 

The material parameters are inputted as effective 
stress and strain in the numerical simulation. The 
material property result of the torsional SHB experiment 
is described as shear stress-strain relations. The shear 
stress-strain curve needs to be converted to the same 
formation of the input. According to the theory of 
elastic-plastic mechanics, the effective stress is 
expressed as: 
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In the stress state of pure shear， ，

，it can be obtained that . 
The effective strain is expressed as 

and in the stress state of pure 
shear ， ， it can be 

obtained that 。
The result of the numerical experiment is compared 

with the inputted parameter, as shown in Fig. 5. The 
difference between them at the yield point is about 0.1 
percent, and the maximum difference is less than 2 
percent. 
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Fig.3. Shear strain curves at the middle of the input bar and 
output bar. 
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Fig.4. Result of numerical experiment. 
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Fig.5. Comparison of the numerical experiment result and the 
imputed parameters. 

3.2 Strain and stress uniformity in the specimen 

Contours of effective plastic strain and stress of the 
specimen in the loading process (at the later stage) are 
given in figure 6. The effective stress is uniform in the 
whole gauge section of specimen, while the plastic strain 
near the flange and chamfer is smaller than that in the 
middle part. To identify the deformation uniformity of 
the specimen quantitatively, the three elements in the 
middle of the specimen at the outer layer, the middle 
layer and the inner layer respectively are chosen as 
shown in figure 7. The effective stress and plastic strain 
histories of these elements are given in figure 7. The 
maximum effective stress difference between the outer 
layer and the inner layer element in the loading process 
is about 2.6 percent, and the difference of effective 
plastic strain is 15.9 percent. The strain of the cylinder 
material is proportional to the distance from the axis. 
The inner diameter of the specimen gauge section is 10 
mm, and the outer diameter is 12 mm. As a result, the 
strain difference between the outer surface and the inner 
surface of the specimen gauge section is 20%. In the 
numerical simulation, the element has a certain scale, 
and the simulation result gives the value at the element 
centre. The theoretic results are consistent with the 
numerical simulation results according to the central 
coordinate of the element. 

a) effective stress 

b) effective plastic strain 

Fig.6. Contours of the specimen deformation in the loading 
process. 
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a) effective stress 

b)  effective plastic strain 

Fig. 7. Comparison of specimen material response during the 
loading process. 

3.3 Effects of specimen gauge thickness 

The numerical simulations of torsional SHB loading 
process are carried out with four specimen gauge 
thicknesses of 0.5 mm, 1 mm, 2 mm and 4 mm 
respectively, under the condition of constant inner 
diameter with 10 mm. The specimen model is shown in 
figure 8, and they have no chamfer. The corresponding 
curves of numerical experiments are shown in figure 9. 
With the increase of specimen thickness, the amplitude 
of corresponding transmission wave signal also 
increases. When the amplitude of input signal is not 
change, the corresponding strain rate (proportional to the 
reflected wave) would decrease as the specimen gauge 
thickness increases. In order to keep the strain rate to be 
constant, the amplitude of incident pulse should be 
increased. 

To obtain the shear stress time relationship of the 
specimen material, the torque applied to the specimen 
need to be calculated. Because the specimen is fixed to 
the bar end, the torque and angular displacement of the 
specimen are the same as those of the bar end at the 
specimen-bar interface, and then these curve can be 
calculated from the curve in figure 9. 

The relationship between the torque of the round tube 
and the shear stress of the tube material is 

∫∫ == s

s

s

s

R

r

R

r
drrrrdrM 22**2 τπτπ （1）

where, M is the torque, sR  is the outer radius of the 

specimen gauge section, sr  is the inner radius of the 
specimen gauge section, τ is shear stress. 

a) 0.5 mm                                         b) 1 mm 

c) 2 mm                                          d) 4 mm 

Fig.8. Cross section of specimen with four gauge thickness. 
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Fig.9. curves of numerical experiments for four gauge 
thickness specimen. 

Under the stress uniformity assumption of thin 
walled cylinder, formula (1) can be given as 

δτπτδπ 2)(
2
1**2 ss rRrrM +== （2）
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where, δ is the thickness of the thin-walled specimen 
gauge section, r  is the mean radius of the specimen 
gauge section. 

Under the assumption of uniform stress of thin 
walled cylinder, formula (1) can be directly integrated to 
obtain more accurate expression as 

δτπτπ )(
3
2*)(

3
2 2233

ssssss rRrRrRM ++=−= （3）

Under the assumption of material stress is 
proportional to the radius, the formula (1) can be 
expressed as 

δτπτπτ )(
)(8
)( 22

44

ss
ss

sss rR
dD
dD

r
JM +=

+
−== （4）

Both the formula (2) [3, 5, 7, 10-13] and the formula 
(4) [1, 2, 6] have been adapted to analysis the torsional 
SHB experimental data in literature respectively. The 
formula (2) is the simplification and approximation of 
formula (3). The formula (4) contains the assumption 
that the stress is proportional to the radius, and this 
assumption is established under complete elastic 
conditions only. These three formulas are used to further 
analyse the curves obtained from numerical experiments 
for specimens with different thin-wall thicknesses. 

The comparison of the shear stress-strain curves 
obtained with three different stress calculation methods 
under the three wall thicknesses of 1 mm, 2 mm and 
4mm are given in figure 10. The inputted data is given in 
figure 10 also. The difference between results of 
specimen gauge thickness below 1mm from these three 
methods is very small, and they are consistent with the 
input data. With the increase of specimen gauge 
thickness, difference between results from the three 
methods increases, while the result from formula (3) is 
always consistent with the input data. 

3.4 Effects of specimen gauge diameter 

The numerical simulation was carried out on the two 
cases of the specimen with inner diameter of 10 mm and 
15 mm, respectively. In the both cases, the thickness of 
thin-wall gauge section is 1mm and length of test gauge 
is 5 mm. The influence of specimen radius on the 
experiment was analysed based on the simulation. The 
"measure" waveform curves of numerical experiments 
under the two cases are given in figure 11. It can be seen 
that the increase of the inner diameter of the specimen 
leads to the corresponding increase of the amplitude of 
transmitted wave, and the increase of the amplitude is 
proportional to the increase of the radius. In the 
simulation, the amplitude of incident wave in the case of 
inner diameter of 15 mm is increased to make the 
amplitude of the reflected wave in both cases be 
equivalent. The experimental stress-strain curves 
obtained under the two cases are given in figure 12. It 
can be seen that the shear stress-strain curves obtained 
from the specimens with different internal diameters are 
consistent. Although the amplitudes of transmitted wave 

in the two conditions are the same, the final strain (or 
strain rate) in the case of the 15 mm diameter is much 
larger than that of 10 mm. 
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a) specimen gauge thickness of 1 mm 
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b) specimen gauge thickness of 2 mm 
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c) specimen gauge thickness of 1 mm 

Fig.10. Comparison of specimen response with different gauge 
thickness from three methods. 
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Fig.11. The numerical experiment curves of two inner diameter 
specimen. 

When the thickness keeps constant, the increase of 
specimen gauge radius will lead to the increase of 
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transmitted wave amplitude. Still, the change of 
specimen gauge radius has little effect on the 
experimental strain-stress relationship. 
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Fig.12. Results of specimen material stress-strain curve in two 
cases. 

If the specimen is fixed to the input bar and output 
bar with high strength epoxy, the variation of the 
specimen gauge radius may have a great influence on the 
requested strength of epoxy. As the epoxy and the 
specimen have same amplitude of torque, the 
relationship between the required maximum stress of 
epoxy and the specimen size parameters can be obtained 
through the torque equal condition as 

τδτ 44

2

max
4

sb

b

rR
Rr
−

=

Set the radius of the bar is 12.5 mm and the thickness 
of the specimen gauge section is 1 mm, the ratio of 
epoxy maximum stress to specimen yield stress can be 
getting as shown in figure 13. In the case of the 
specimen inner radius is 5 mm, the ratio of the required 
maximum strength of the epoxy to the specimen material 
yield stress is only 6.36 percent. However, when the 
specimen inner radius increases to 7.5 mm, this ratio 
increases to 15.06 percent. This indicates that much 
higher epoxy strength is needed for the larger inner 
diameter specimen. Sometimes, it is difficult to find an 
epoxy with satisfied strength, especially when the tested 
material has very high yield strength.  
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Fig.13. The variety of ratio between epoxy maximum stress to 
specimen yield stress with the specimen inner radius. 

4 Conclusion 
Numerical simulations on torsional SHB experiments 
were carried out with LS-DYNA. The deformation 
characteristics of the specimen during loading process 
were studied, and the influence of specimen size and 
other factors on the experimental results was analysed. 

The agreement between numerically derived strain-
stress results and the specimen material properties 
specified in numerical modelling indicates that the 
torsional SHB is applicable to study the dynamic shear 
behaviour of materials under high strain rates. The stress 
of the specimen has good uniformity in the loading 
process, while the plastic strain of the material is 
proportional to the distance from the axis. 

With the increase of specimen thickness, the 
amplitude of corresponding transmission wave signal 
also increases in proportion. And the increase of 
specimen thickness will directly lead to the increase of 
the stress and strain non-uniformity of the specimen. A 
specimen gauge thickness of no more than 1mm is 
suggested. 

Numerical simulation shows that the increase of the 
inner diameter of the specimen has no effect on the 
experimental results. Still, much higher epoxy strength is 
needed for the larger inner diameter specimen. A 
relationship between the required maximum stress of 
epoxy and the specimen parameters is given, and the 
design of specimen gauge diameter should be based on 
the material yield stress level and the strength of epoxy. 
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