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ABSTRACT
Mechanical properties of materials are, in general, strain rate dependent, i.e. they respond differently at higher strain
rate condition. The Split-Hopkinson Pressure Bar (SHPB) also referred to as Kolsky bar is a commonly used setup for
high strain rate testing in strain rate range of 102to 104s-1. These high strain rate data are required for safety and
structural integrity assessment of structures subjected to dynamic loading. The most of the research work was carried on
quasi-static and low stain rate testing of engineering materials. As high strain rate data are not easily available in open
literature, need was felt for setting up such high strain rate testing machine. Recent years have seen great advances in
determination of the mechanical properties of material subjected to high strain rate. The advanced structures such as
military, aerospace and some energy production structures may become subjected to high strain deformation such as
impact. Thus, it is important to investigate the strain rate dependency of aluminium alloy material under compressive
loading to characterize the stress–strain behavior. This paper introduces the SHPB in general and the setup in details.
The history of development of SHPB, the basic formulations of one dimensional wave propagation and the equations
used to obtain the final stress vs. strain curves are described. An attempt has made to determine the nature of strain rate
dependence of two selected aluminium alloys: AA 6061 T-6 condition at different strain rates ranging from 100 to 1500 s-

1.The aim of this paper is to understand the dynamic behavior of Aluminium Alloy under compressive loading
experimentally using SHPB setup and numerically using LSDYNA.
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INTRODUCTION
Aluminum alloys have been the most widely used structural materials in aeronautics and aerospace industry for several
decades on account of their high stiffness/weight and strength/weight [1]. The mechanical response of aluminum alloy
may be sensitive to the loading rate. A comprehensive characterization of the behavior of aluminum alloys under
dynamic loading had prompted numerous investigations in recent years [2].
The strain rate testing domains to find the rate dependent properties of the materials are tabulated in Table 1.

Table 1. Strain rate regime and experimental testing

The Hopkinson pressure bar was first suggested by Bertram Hopkinson in 1914 as a way to measure stress pulse
propagation in a metal bar [3]. Later, in 1949 Herbert Kolsky refined Hopkinson's technique by using two Hopkinson
bars in series, now known as the Split-Hopkinson Bar [4], to measure stress and strain, incorporating advancements in
thecathode rayoscilloscope in conjunction with electrical condenser units to record the pressure wave propagation in the
pressure bars as pioneered by R. Morgan Davies a year earlier in 1948 [5].
Saikat Acharya et al. investigated high strain rate dynamic compressive behavior of Al6061-T6 alloys under the strain
range regime of3×103 to 6.5×103 s-1using SHPB setup and simulation is carried out [6]. L. Djapic Oosterkamp et

Loading
Time (s)

Strain Rate
Regime (S-1)

Testing Domain Testing Methodology

106 - 104 < 10-6 Creep Domain Constant Load Machines
104 - 102 10-3 - 10-1 Quasi Static Servo hydraulic machines
100 - 10-1 100 - 102 Intermediate Strain Rate Specialized Pneumatic or Mechanical

machines
10-2 - 10-4 102 - 104 High Strain Rate Mechanical Impact (SHPB)
10-4- 10-6 104 - 106 Very High Strain Rate Miniaturized Kolsky Bar

> 10-6 > 106 Ultra High Strain Rate Explosive Driven Plate Impact
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al.investigated the high strain rate properties of selected aluminium alloys, over a wide range of strain rates from 0.1 to
3000 s-1 at room temperature [10].
S.P Nawale et al.obtained high strain rate response of A356/Al2O3 aluminum alloy MMCs using Ls-Dyna.The
compressive stress-strain behavior was obtained at different strain rates ranging from 100 to 1200s-1[2].Zhang Xin-ming
et al. studied dynamic property evaluation of aluminum alloy 2519A by split Hopkinson pressure bar. Also investigated
the impact behavior of aluminium alloy 2519A at strain rate of 600-7000 s-1 and temperatures of 20-450 ℃ by a split
Hopkinson pressure bar [7].Yonggang Wang et al. studied the dynamic compressive behavior of selected aluminium
alloy at low temperature [1].
In this paper, it is proposed to obtain strain-rate dependent behavior of aluminium alloy material under compressive
loading using SHPB setup at various strain rates. Using this response, the mechanical properties such as stress, strain,
modulus of elasticity are obtained experimentally. He experimental results are validated by numerical model of SHPB
under compressive loading using LSDYNA software to verify the experimental results.

MATERIALS AND METHODS

Material Characterization
We use aluminium alloy 6061 T-6 for the dynamic compression using SHPB setup. Selected aluminium alloy have been
most widely used structural materials in aeronautics and aerospace industry for several decades on accounts of their high
stiffness/weight and strength/weight.We selected wrought alloys 6000 series of density 2.70 g/cm3 and of diameter 10
mm and length 10 mm. The cross-section of testing specimen is circular. The chemical composition of alloy were
obtained using OXFORD Instrument X-MET 7000 (PMI) at Forbes Marshall, Chakan ,Pune.

Fig 1: Image of Specimen (Al 6061 T-6)

Composition

Table 2. Chemical Compositions of the Al-6061-T6 (wt. %)

Elements Al Mg Pb P Fe Si Cu Cr Mn

Al6061 97.6 0.55 0.51 0.36 0.28 0.27 0.22 0.11 0.05

Experimental Setup

Fig 2: Simplified schematic of compressive SHPB experimental setup[2]
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Fig  3: Photograph of Compressive SHPB setup
As mentioned before, the purpose of SHPB is to determine the mechanical properties of different materials at high strain
rates. The mechanical properties of different materials under a high impact load changes rapidly within a duration of a
microsecond. Figure 2 shows simplified schematic of a typical compressive Split Hopkinson Pressure Bar (SHPB).
SHPB works on the principle of one dimensional wave propagation wave theory. The apparatus is typically equipped
with a Striker bar, Incident bar and the Transmitted bar. This entire apparatus is aligned in such a way that the stress can
travel in a uni-axial direction. The incident, transmission and striker bars of SHPB setup are of Aluminum alloy all
having the same diameter of 20 mm. The length of incident and transmission bars is 750 mm each. The striker bar is of
length 300 mm. The cylindrical test specimen is pressed between two cylindrical Incident and Transmission bars. The
striker bar produces a constant amplitude elastic compressive wave in the incident bar, this wave propagates down the bar
to the bar/specimen interface where it is partly reflected into the incident bar as a tensile pulse and partly transmitted to
the transmitter bar as a compressive pulse. The reflected pulse ( ) yields information on the strain rate involved in the
specimen and the transmitted wave ( ) gives the stress in the specimen. The stress ( ), strain ( ) and strain rate ( ̇) in the
specimen are given by[2],

= (1)= (− ) (2)̇ = (− ) (3)

A, L, E and C are cross-sectional area, length, modulus and elastic wave velocity respectively, and s and b referred to the
specimen and bar respectively. For the equations to be used for SHPB Testing, the following assumptions must be valid:
(a) the material deforms homogeneously during the test; (b) the wave propagates through the bars with minimal
dispersion and finally, (c) the stress in the bars never exceeds the elastic limit of the bar material. In order to investigate
the different deformation behaviors under dynamic load conditions, four strain rates including 250, 500, 1000 and 1500 s-

1 were employed for the study.

NUMERICAL SIMULATION

Introduction to Ls-Dyna
Ls-Dyna, the explicit finite element program is used to build model of compressive SHPB for dynamic analysis
numerically. Ls-Dyna is divided in three parts: These are Ls-Pre (pre-processor). Solver (equation solver) and Ls-Post
(post-processor). All three parts are built in, as sub program within the software for the specific task respectively. For
their start, the appropriate input instructions are used. To get the particular description of the input instructions. Ls-Dyna
manual is to be referred. For the construction and meshing of the geometry, Hyper Mesh (pre-processor) is used. The
FEA model of the SHPB is then transferred into Ls-Dyna readable file in the format of .k file and is then used for the
simulation. In the solver the numerical procedure takes place to solve the defined set of equations and all interesting
parameters (stress, strain) are determined. Post procedure allows us to view the results (graphical analysis). In the post
procedure file with format .d3plot is used to find out stress strain behavior in the model.
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Fig 4: FEA model of the SHPB in Hyper Mesh (Pre-processor)
Here, in the work explicit simulations are carried out. Since the computational test is done at a very short time explicit
simulations will give good results for this type of dynamics. Within the software Ls- solver, different problem definitions
are present for the computation. The Ls-solver is started over the UNIX surface with all the necessary input files such as
material card file, pre-processor file etc. SHPB contains numerous nodes and shell element with one material model
described at MAT_ELASTIC. The solver solves underlying differential equations using numerical approach, which have
been set for the respective tasks. The post processor started just like the solver on the UNIX surface. In Ls-post, the
results of the accomplished simulations are plotted. These results can be analyzed and valuated both in the form of
diagrams and in the form of distorted FE models.

RESULTS AND DISCUSSION
The stress-strain response is obtained experimentally by converting the trace recorded on digital storage oscilloscope
through Matlab program and numerically using LS-DYNA software at strain rate of 1000/s and 1200/s to understand the
dynamic behaviour of material. The response is shown in Fig.5.

Fig 4: Stress-strain response of AA6061-T6 at strain arte of

CONCLUSION
The results obtained in this study show that the stress –strain behaviour is strain rate dependant for AA6061-T6. The
dynamic stress-strain response of AA6061-T6 shows non-linear and the stress increases exponentially with increase in
strain. The experimental and numerical stress-strain response show there is good agreement between the results. At
higher strain rates, SHPB has proved the most successful method to obtain the stress-strain response of the engineering
materials. The maximum compressive strength is about 400 MPa at 25% strain.
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