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Abstract
Mechanical properties of materials are, in general, strain rate dependent, i.e. they respond
differently at quasi-static and 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. SHPB is suitable for high strain rate test in strain rate range of 102 to 104 s-1.
These high strain rate data are required for safety and structural integrity assessment of
structures subjected to dynamic loading. As high strain rate data are not easily available
in open literature need was felt for setting up such high strain rate testing machine. SHPB
at BARC was designed and set-up in-house jointly by Refueling Technology Division and
Mechanical Metallurgy Division, at Hall no. 3, BARC. A number of conceptual designs
for SHPB were thought of and the optimized design was worked out. The challenges of
precision tolerance, straightness in bars and design & proper functioning of pneumatic
gun were met. This setup has been used extensively to study the high strain rate material
behavior.

This report introduces the SHPB in general and the setup at BARC in

particular.

The history of development of SHPB, the basic formulations of one

dimensional wave propagation, the relations between the wave velocity, particle velocity
and elastic strain in a one dimensional bar, and the equations used to obtain the final
stress vs. strain curves are described. The calibration of the present setup, the pre-test
calculations and the post-test analysis of data are described.

Finally some of the

experimental results on different materials such as Cu, SS305, SA516 and Zr, at room
temperature and elevated temperatures are presented.
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SplitHopkinson Pressure Bar
An experimental technique for high strain rate tests
1

Introduction

Materials undergo high strain rates deformation in various applications, e.g. accidental
events such as penetrations and explosions, and engineering applications such as crash
worthiness of vehicles, bullet proof armors, impact resistant pressure vessel and shipping
cask for transport of nuclear materials.

In addition to this, forming processes like

extrusion, rolling and high speed machining can also result in high strain rate
deformation. For the optimal design and safety analysis of components seeing high strain
rates of loading the constitutive behavior of materials at high strain rates is required.
Conventionally strain rates greater than 1 s-1 are defined as dynamic although Lindholm
[1] suggested  = 10 s-1 as the lower limit (Fig. 1). Conventional tensile test machines can
rarely obtain strain rates larger than 10 s-1. More sophisticated methods thus developed
for high strain rate material testing are Split-Hopkinson Pressure Bar (SHPB) or (Kolsky
bar) method, drop weight methods, expanding ring technique, the cam plastometer,
Taylor impact and plate impact test. There are advantages and disadvantages associated
with each of these methods. SHPB is one of the simplest methods suitable for high strain
rate test in strain rate range of 102 to 104 s-1. The underlying physical mechanism in splitHopkinson pressure bar test is the propagation of a stress wave along a thin long bar. The
sample deformed by this technique undergoes a uniaxial stress deformation. However,
with further increase in strain rate (> 106 s-1) the loading changes from uniaxial stress to
uniaxial strain. Plate impact test are used for such high, one dimension strain tests.
These high strain rate material properties are not always freely available for the material
of interest of DAE. So the need for such high strain rate test facility was felt in DAE and
to meet this requirement the SHPB facility was designed and developed by Refuelling
Technology Division and Mechanical Metallurgy Division, BARC. The set-up is
commissioned at Material Dynamics lab. Engg. Hall No. 3.
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Fig. 1: Different strain rate regimes. The numbers on top are the strain rate in s-1.

At low strain rates the heat generated during plastic deformation is dissipated before the
material experiences any significant temperature increase (usually referred to as
isothermal tests). At strain rates of 10 s-1 or greater the heat generated due to plastic
deformation does not have time to dissipate and results in a temperature rise; these tests
are referred to as adiabatic tests. Adiabatic heating can result in strain localization and
may also bring about some microstructural changes.
History of Split-Hopkinson Pressure Bar
The Hopkinson bar experimental technique was pioneered by John Hopkinson as a
means to study the effect of impact loading on iron wires. Stress waves were generated
by fixing one end and suddenly loading at other end by impulse of moving mass.
Bertram Hopkinson [2] son of J. Hopkinson further carried out experiments and
introduced a technique for determining the pressure-time relations due to an impact
produced by a bullet or explosive. The key components of Bertram Hopkinson’s
apparatus were a long steel rod, a short steel billet, a ballistic pendulum, and a device to
generate impulse pressure. By impacting one end of the rod, a compressive pressure
wave of finite length was generated inside the rod. At the far end of the rod a short steel
billet is attached, held by only a thin layer of grease. As the compressive wave traversed
down the bar, through the greased joint, and into the billet the wave would be reflected at
the far end as a tensile wave. Since the grease could not withstand any appreciable tensile
loads, the billet would fly off with definite momentum, which was measured with a
ballistic pendulum. The time over which this momentum acts is the round trip time of the

longitudinal wave in the billet. By running several tests of identical magnitude but
different length of cylindrical billets, a series of pressure-time curves were generated
describing the impact event.

Hopkinson was always capable of determining the

maximum pressure and total duration of these impact events, but exact pressure-time
curves were sketchy.
Dennison Bancroft [3] solved bar frequency equation of Pochhammer and Love [4] for
the velocities of longitudinal wave in cylindrical bars. Bancroft expressed the velocity of
longitudinal waves in cylindrical bars in terms of a wave of infinite wavelength, Poisson’s
ratio, and the ratio of the bar diameter to the wavelength of interest. Bancroft’s work
helped to correct the error due to wave dispersion.
Davies [5] developed a technique using condensers to measure the strains existing in the
pressure bar. The output from the condenser was proportional to the displacement-time
relations that are proportional to the pressure-time relations assuming the bar remains
elastic. Using condenser to measure strain greatly improved the accuracy of Hopkinson’s
original apparatus, which relied on measuring the momentum of a steel billet flying off
the end of pressure bar.
Kolsky [6] added a second pressure bar to the original Hopkinson apparatus, hence the
name split-Hopkinson pressure bar. Instead of attaching a billet at far end of a bar, Kolsky
sandwiched a specimen between the two bars. He presented expression for calculating
specimen properties based on strain histories in the bars. The strains were measured using
similar condenser as those used by Davies. The new two-bar technique has become the
most widely used testing procedure today, being referred to as either the slit-Hopkinson
pressure bar or more appropriately as the Kolsky bar.
Harding J., Wood, E. D., Campbell, J. D., [7] extended the split Hopkinson bar
technique, which has been initially used in compression only, to tension tests. Here the
compression pulse in a tube is transferred to an inner rod via a mechanical joint. As
compression waves are reflected as tension waves on free surface, the specimen is loaded
in tension.
Hauser et al. added strain gauge to the split-Hopkinson pressure bar to measure surface
displacements.
Duby, J., Campbell, J. D., Hawley R. H., [8] developed the torsional split-Hopkinson
bar to study rate effects in 1100 aluminum alloy. By using a torsional system, the
difficulties due to inertia and frictional constraint were avoided, which were present in
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conventional split-Hopkinson bar. Also for torsional wave propagating in first mode the
problem of wave dispersion does not occur.
Nemat-Nasser et al. [9] developed one pulse loading split-Hopkinson bar for
compression and tension testing and soft recovery of sample techniques. The arrangement
permits loading with one and just one pulse in compression as well as tension.

2

Working Principle of Split-Hopkinson Pressure Bar

Split-Hopkinson pressure bar (SHPB) works on the principle of one dimensional wave
propagation. Its main components are a gas gun, a striker bar, an incident bar and a
transmission bar (Fig. 2). The striker bar sits in the barrel at the gas gun chamber. The
incident bar, transmission bar and striker bar are all made of same material and same
cross-section area. At all times during the test the striker, incident and transmission bar
should remain elastic. The sample to be tested is sandwiched between the incident and
transmission bar. The striker bar is propelled by gas pressure towards the incident bar.
On impact, an elastic compression wave propagates down the incident bar toward the
sample.

On reaching the sample, repeated wave propagation within it deforms it

plastically. Part of the wave goes through to the transmission bar (transmitted pulse) and
part is reflected back into the incident bar (reflected pulse), each of which is picked up by
the strain gauges mounted on the corresponding bars. Strain gauges on each bar are
mounted in the form of half Wheatstone bridge so as to remove the affect of any bending
and measure only the axial strain. Elastic strain generated in incident and transmission
bar are used to calculate the stress-strain in the sample.

Fig. 2: Schematic of split-Hopkinson pressure bar.
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To help understand the theory and functioning of SHPB the following paragraphs briefly
discuss the equation of wave propagation, the impact of two long cylindrical bars, wave
generation and the phenomenon of wave reflection at fixed and free end. Complete
equations for calculating the specimen stress, strain, and strain rate are derived. At the
end of chapter the phenomena of wave dispersion and theoretical corrections for the
distorting effects for dispersion are also discussed.
2.1

Basic equation of wave propagation

The stress σ vs. strain ( u y ) relation in one dimension (y) is,

 E

u
y

(1)

where E is the material modulus. The equation of motion in one dimension is,


 2u
 2
y
t

(2)

where u is the particle displacement and  is the density of material. Combining eq. 1
and 2, the following is obtained,

E

 2u
 2u


y 2
t 2

(3)

The equation of motion in the bar for a wave of infinite wavelength along direction y, is
C0

2

 2u  2u

y 2 t 2

(4)

where C 0 is the wave velocity. Comparing eq. 3 and 4 C 0 can be expressed as
C0 

E

(5)



The D’ Alembert's solution for wave equation (eq. 4) is
u ( y , t )  f ( y  C0t )  g ( y  C0t )

(6)

Function f and g are arbitrary, but they are dependent on initial condition. The function
f(y-C0t) and g(y+C0t) corresponds to a wave traveling in positive and negative y direction

respectively. For a wave propagating only in positive y direction (Fig. 3) eq. 6 reduces to,
u ( y , t )  f ( y  C0t )

(7a)

For a wave propagating in negative y direction eq. 6 reduces to,
u ( y, t )  g ( y  C0t )

(7b)
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For condition where wave travels in positive y direction the strain in the bar can be
derived from eq. 7a as,

 b ( y, t ) 

u
 f ' ( y  C0t )
y

(8)

Subsequently, Hook's law can be applied to determine the stress

 b ( y, t )  E b ( y, t )  Ef ' ( y  C0t )

(9)

Force F on the cross-section of bar can be obtained as
F  A0 b ( y, t )  A0 E b ( y, t )  A0 Ef ' ( y  C0t )

(10)

The particle velocity v in the bar is found by differentiating u(y, t) with respect to time.
v( y, t ) 

u
 C 0 f ' ( y  C 0 t )
t

(11a)

Using eq. (8) in eq. (11a), the particle velocity is,
v ( y , t )  C 0 b

(11b)

Similarly for a wave travelling in the negative y direction (eq. 7b) the particle velocity is,
v ( y , t )  C 0 b

(11c)

Ratio of force applied on the bar and particle velocity v is the impedance Z,
Z

AE
F
 0
v
C0

(12)

Substituting for E from eq. 5, the impedance can be written as,
Z

F
 A0 C0
v

(13)

Fig. 3: Schematic of wave propagation in positive dimension y. The particle displacement is u and wave
velocity is C0.

2.2

Velocity after impact of two bars

Consider two long cylindrical bars moving with velocity v1 and v2 such that v1 is greater
than v2 (Fig. 4). After the impact, if w is the particle velocity in the frame of reference of
each bar, then

6

v1  w  w  v 2

(14)

Implying w  v1  v2  2

(15)

Fig. 4: Schematic showing impact of two bars.

For the particular case of the split-Hopkinson pressure bar, considering the first bar as the
striker bar with velocity v1  v SB and the second bar as the incident bar with velocity
v2=0, the particle velocity in the incident bar is
w

v SB
2

(16)

Thus after the impact the particle velocity in the incident bar is half of the striker bar
velocity before impact.
2.3

Reflection of wave

When a wave travelling along a bar meets a discontinuity, such as fixed end, a free end,
or a junction with another bar, it reflects. The nature of the reflection depends on the
boundary conditions.
i. Fixed end: The reflection of the pulse in a bar with a fixed end and its effect on
displacement and stress is explained here through the method of images (Fig. 5) [10]. Left
part of figure shows the displacement interaction. During step (b) and (c) the reflection at
boundary occurs. A positive displacement changes to negative on reflection. The stress
which is the slope of the displacement field (eq. 1) is shown on the right side of figure. It
is seen from (d) that upon reflection the stress wave remains same; that is a compressive
wave will remain compressive and a tensile wave will remain tensile.
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Fig. 5: Schematic of a wave reflection in a bar with a fixed boundary. The dashed part of the figure is the
image of the displacement (left) and stress (right) so as to finally satisfy the boundary conditions [10].

ii. Free end: The reflection of the pulse in a bar with a free end and its effect on
displacement and stress is explained here through the method of images (Fig. 6). This
is usually the condition encountered in SHPB. Due to the free end condition the stress
at the ends must always be zero. Thus the image of the stress is drawn in such a
manner. The corresponding displacements are shown on the left side of figure (integral
of eq. 1). During step (b) and (c) the wave interaction at free boundary occurs. A
positive displacement remains positive on reflection. It is seen from (d) that upon
reflection the stress pulse reverses; that is a compressive pulse becomes tensile and vice
versa. At the free end of the bar, where wave reflection occurs, the displacement
doubles in value. The stress wave upon reflection is of opposite sign to the incident
wave. So the initial compressive wave travelling in the bar is reflected as a tensile
wave (d).

8

Fig. 6: Schematic of wave reflection in a rod with a free boundary. The dashed part of the figure is the
image of the displacement (left) and stress (right) so as to finally satisfy the boundary conditions.

2.4

Wave generation after impact of two bars

The impact between incident and striker bar generates compressive pulse in both the bars.
A schematic of pulse generation by longitudinal impact of two bars is given in Fig. 7.
The compression wave front moves in both bars away from the interface with velocity C0.
This wavefront on reaching the left end of the striker bar reflects as tensile pulse (c, d)
and moves towards interface. As the tension pulse reaches the interface, the striker bar
separates from the incident bar and the compression wave in the incident bar stops
growing in length. The wavelength of compressive pulse developed in incident bar is
thus twice the length of striker bar.
Length of pulse = 2LSB
Duration of pulse = 2LSB/C0

9

Fig. 7: Schematic of stress wave generation due to impact of striker bar and incident bar.

2.5

Strain in bar due to pulse loading

The compressive pulse developed due to impact produces elastic strain in the incident bar
(Fig. 8). At time = 0 there is no strain in the bar. At time = t, the pulse length is C0t.
The elastic strain generated is,



u  w

C0t C0

Since w 

i 

(17)

v SB
,
2

 vSB
2C0

(18)

Thus the strain generated can be related to striker bar velocity as follows.
v sb  2C 0 i

(19)
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Fig. 8: Schematic of particle displacement in cylindrical bar due to elastic pulse.

2.6

Step change in cross sectional area & corresponding impedance

This section describes the behavior of a wave as it encounters a discontinuity. The most
commonly encountered discontinuities in the split Hopkinson bar testing are step changes
in cross sectional area and material properties. Waves encountering discontinuities are
usually examined in terms of impedance Z  A0 C 0 (eq. 13). The product C 0 is a
material constant and for any given bar material an impedance change can only occur by
changing the cross sectional area.
Discontinuities occur at the pressure bar-specimen interface.

Consider the familiar

scenario in which one type of solid is sandwiched between two dissimilar solids of
different cross sectional areas as shown in Fig. 9.

Fig. 9: Schematic of step change in area and material properties.

The variables ρ, A and C are density, cross sectional area and velocity respectively. At
interface 1 (Y=0), wave σi is partially reflected and transmitted as waves σr and σ1,
respectively. At interface 2 (Y=L), waves σ1 is partially reflected and transmitted as
waves σ2 and σt, respectively. The level of reflection or transmission is dependent on the
impedance mismatch at each interface. At each of the two pressure bar-specimen
interfaces, the velocity of each material just to the left and right of the interface must be
equal, since they are in intimate contact at all times. The forces just to the left and right of
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each interface must balance one another to satisfy equilibrium. The systems of equations
for interfaces 1 and 2 are shown below.
Interface 1 (Y=0)
1. Continuity of Velocity ( v   C 0 from eq. 13)

i  r
1

( Co )1 ( Co ) 2

(20)

Subscript for (C0) is for materials 1 and 2, whereas subscript for σ is for interface
as shown in Fig. 9.
2. Force Balance
A0 ( i   r )  As1 ( 1 )

(21)

Interface 2 (Y=L)
1. Continuity of Velocity

1  2
t

( C ) 2 ( C ) 3

(22)

2. Force Balance

As 2 ( 2   1 )  A0 ( t )

(23)

Although these four expressions have five stresses, σi, σ1,σ2, σt, σr, only σi, σt and σr are
required to obtain the stress and strain in the specimen deformed in SHPB.
2.7

Expressions for stress and strain in specimen

As described in the previous section there is continuity of motion and force between the
incident bar and the specimen. Assuming the specimen to have impedance less than that
of the two pressure bars, the reflected pulse is tensile (r > 0), whereas the incident and
transmitted pulse are compressive (i < 0, t < 0).
The velocity at the incident bar – specimen interface (labeled as 1) is the sum of the
particle velocity due to the incident pulse and the reflected pulse,
vs1  vi  vr

(24)

Where vs1 is the particle velocity in the specimen at interface 1, vi and vr are the particle
velocities associated with the incident and reflected waves. The incident pulse travels in
the positive y direction hence
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vi  C 0  i ,

(25)

The reflected pulse travels in the negative y direction hence
v r  C 0 r .

(26)

Eq. 24 becomes,
vs1  C0  i   r 

(27)

For transmitted pulse traveling in positive y direction the velocity at the specimentransmission bar interface (labeled as 2)
v s 2  C 0  t .

(28)

The general expression for strain rate of a sample is,

s 

(vs1  vs 2 )
Ls

(29)

From eq. (27) and (28)

s 

 C 0 ( i   r   t )

(30)

Ls

The force at interface 1 is the sum of the forces due to the incident and reflected pulse.
As s1   i   r A0

(31a)

where As and A0 are the cross sectional areas of the specimen and bars respectively,  s1
denotes the specimen stress at interface 1.  i denotes the incident pulse stress and r
denotes the reflected pulse stress.
The force at interface 2 is,
As s 2   t A0

(31b)

After a few wave propagations in sample the sample can be considered as being in force
equilibrium, i.e.  s1   s 2 . From eq. (31a) and (31b),

i  r  t

(32)

Using   E , eq. (32) is rewritten as,

i  r  t

(33)

From eq. (31b) and   E the stress in sample  s   s1   s 2 is,

s 

A0 E t
As

(34)

Using eq. 33 the expression for strain rate (eq.30) can be rewritten as

13

s 

2 r C0
Ls

(35)

Strain at any time t can now be determined by integrating the strain rate from 0 to t,

s  2
2.8

t

C0
 r dt
Ls 0

(36)

Wave dispersion

The pulse generated in bar consist of large number of frequency components, which
propagate with different velocities in the bar. This leads to the dispersion of the initial
pulse. The dispersive nature of the pulse was first pointed out by Pochhammer [4].
Bancroft [3] presented the velocity of longitudinal waves in term of the velocity of wave
of infinite wavelength, Poisson’s ratio and the ratio of the bar diameter to the wavelength.
The effects of this dispersion manifest as oscillations in the time domain signal as shown
in Fig. 10.

Fig. 10: Deformation schematic of the effect of dispersion on a trapezoidal pulse. Notice that the
dispersion appears as large oscillations overlaying the general trapezoidal shape.

In SHPB the strains are recorded using strain gauges located at the center of bars and
hence before being recorded they suffer dispersion. To predict the strain pulse at the
pressure bar –specimen interfaces requires a correction of this dispersion. This is done by
transforming the time domain strain signals in to frequency domain, then applying
appropriate phase shifts to each spectral component to compensate for the bar dispersion,
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then transforming the corrected frequency domain strain pulses back in to the time
domain. The pulse can be described by superimposing a number of harmonics waves of
different frequency as,
F (t ) 

1
N

N

 [ A cos(2 f .nt )  B
n

n 1

n

sin(2 f .nt )]

(37)

Where N, f, n and t are the total number of data points, frequency resolution, temporal
index and time respectively. The constant An and Bn are the magnitudes of the real and
imaginary component, respectively. To correct for dispersion each spectral component
must be phase shifted to compensate for the varying wave velocity. By adjusting the eq.
(37) as follows the effect of wave dispersion can be removed from the waveforms
Fcorrected (t ) 

1
N

N

[ A
n 1

n

cos(2 f .nt   )  Bn sin(2 f .nt   )]

(38)

  0  n ,
 2 . y.(

1

0



 2 f . y.n.(

1

n

)

1
1
 )
C0 Cn

(39)

where Ø is the phase lag of higher frequencies components traversing away from the
pressure bar-specimen interface. C0 is the infinite wave velocity and Cn is the wave
velocity for each particular frequency given by FFT. λn is the wavelength given by Cn/f.
The constant y is the distance the wave traverses before being recorded.

3

Split-Hopkinson Pressure Bar facility at BARC

The split-Hopkinson pressure bar setup facility developed at RTD, BARC is located at
Engg. Hall No.3 (Fig. 11). This facility is first of its kind in DAE. The set-up comprises
of gas gun which give impact velocity to striker bar by using compressed nitrogen gas.
The impact generates a compressive pulse in incident bar which is then transmitted to
specimen which is sandwiched between the incident and transmission bar. These bars are
specifically designed to meet the requirement of strength and straightness. Data is
acquired by strain gauges and high speed data acquisition system. The data generated is
processed to obtain stress-strain in specimen. This set-up can be used to test material in
strain rate range of 100 s-1 to 10000 s-1 and temperature range of room temperature to 400
o

C. As the facility is first of its kind a number of alternative concepts were considered and
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optimized design was worked out. The system was manufactured and commissioned at
Engg. Hall No.7 in September 2004, the set-up was later sifted to Material dynamics lab
Engg. Hall No.3, RTD. The set-up has contributed immensely in material property
characterization under dynamic loading condition and its application in safety related
research.
The incident, transmission and striker bars of the set-up are of maraging steel grade 350
(yield strength of 2000 MPa), all having the same diameter of 13 mm. The length of
incident and transmission bars is 1.3 m each. The bars have a straightness of 0.1 mm/m.
There are five striker bars of length varying from 0.1 to 0.5 m. At the center of each bar
two strain gauges are bonded on diametrically opposite sides (Fig. 12) and electrically
connected in a half Wheatstone bridge. Gauges on opposite arms of Wheatstone bridge
help to remove the effect of bending. Bars are supported with brass bushing on steel
plates which are clamped over steel I-beam with a straightness of 0.1 mm/m. The Ibeams rest on legs which have adjustable leveling pads. The I-beams are clamped with
each other to provide one leveled surface. The incident and transmission bars move
freely in the longitudinal direction through the brass bushing. A lead block at the right
end of transmission bar acts as a stopper.

Fig. 11: Split Hopkinson pressure bar facility at BARC.

Fig. 12: Strain gauge mounted on bar.
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3.1

Gas Gun

The mechanism of the firing of the striker bar from the gas gun is shown in Fig. 13. The
gas gun consists of two chambers, one the breech and the other where the valve is placed
(called the valve chamber). These two chambers are connected through ports along the
circumference of the back support. The back plate is connected to a three-way valve
(different from the valve mentioned above), which has one connection to the gas chamber
and the other to the atmosphere. The valve lies between the back plate and the back
support. A soft spring pushes the valve on the back support. During pressurization of the
breach (Fig. 13a) the atmosphere outlet to the 3-way valve is closed and the gas from N2
cylinder is allowed to fill the chamber where valve is (valve chamber). The gas leaks
around the valve and fills the breech through the ports in the back support plate. As the
valve presses against the O-ring on the back support plate, the air from the breech does
not leak to the barrel. Once the desired pressure in the breech is reached, filling is
stopped. In this position both the breech as well as valve chamber have the same
pressure. The striker bar is still seeing only atmospheric pressure on both sides of it and
is stationary. The striker bar, which has a diameter smaller than the inner diameter of
barrel, sits in the barrel with two teflon rings press-fitted on to it. To activate the valve so
that the striker bar sees pressure behind it, the 3-way valve is turned so that the valve
chamber is now open to atmosphere. The air from the valve chamber rushes out and the
pressure drops, but the breech still has the original higher pressure.

This pressure

difference between the front and back of the valve pushes the valve to the left (Fig. 13b).
This opens up the ports on the barrel to the higher pressure in the breech. The striker bar
sees a higher pressure on the left (behind it); this pushes the striker bar down the barrel.
Once the breech pressure drops to atmospheric pressure the spring pushes the valve to the
back support plate, the starting position.
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Fig. 13: Schematic of gas gun in two positions: (a) breech is pressurized and valve is pressed against the
back support, and (b) release of pressure behind valve so as to move the valve to the left and allow the
pressurized gas in breech to go through the barrel ports and push the striker bar through the barrel.

3.2

Data Acquisition System

The configuration of the data acquisition system (DAS) of the SHPB is shown in Fig. 14.
This consists of strain gauges bonded to the center of incident and transmission bar,
transducer amplifier unit, and a computer with a analog to digital data acquisition card.
The strain generated in the bar is measured in the terms of voltage signal through strain
gauges. DAS system consists of two channels; one channel connects the strain gauge on
incident bar and the other on the transmission bar to the PC through the amplifier. A
Labview program is used for data logging.
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3.2.1

Amplifier

FYLDE transducer amplifier with a frequency bandwidth of 0 to 500 kHz is used to
amplify the signal obtained from strain gauges. The Gain of the amplifier can be adjusted
separately for each channel from 1 to 1000. In most of the experiments the gain was set
to 100 for both strain gauge channels.

Fig. 14: Schematic of data acquisition system.

3.2.2

Velocity Sensor

Two Photodiode and phototransistor pairs are used to measure the velocity of the striker
bar.

These pairs are placed on the gun barrel at a distance of 0.3 m (Fig. 15).

Photodiode-transistor pairs are connected to an oscilloscope from which the time taken by
the striker bar to cross each of the pairs is obtained. Velocity of the striker bar is obtained
by dividing the distance between the photodiode-transistor pairs by time taken by the
strike bars to cross them.
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Pair 1

Pair 2

Fig. 15: Velocity sensor mounted on gas gun barrel.

3.2.3

Trigger

The typical duration of the SHPB test is of the order of hundreds of s, thus the start of
the data acquisition cannot be done manually and needs to be done through a trigger. A
trigger is when a desired signal crosses a threshold value with either a positive or negative
slope. In the present setup the incident signal is used to trigger the data acquisition of
both incident bar and transmission bar signals. A set pre-trigger value also acquires
certain number of data points before the trigger event so as not to miss out the initial part
of the pulse during the process of triggering.
3.3

Conversion of strain gage signal to strain

The data obtained from test is in mV vs. time and needs to be converted to strain vs. time,
for which the relation between strain and output voltage is required. This relation is
developed as follows.
When a strain gauge is elongated, the area of the filament will decrease while the length
increases. Thus the resistance of the filament is changed:
R   R

L
A

(40)

The coefficient  R is called resistivity and is temperature dependent. For the SHPB
purpose however, it can be regarded as constant. The proportionality coefficient relating
resistance change per unit resistance to strain is called gauge factor k.
R
L
k
 k .
R0
L0

(41)

To measure strain from strain gauges a Wheatstone bridge is used. This particular circuit
converts the difference in resistance to a difference in volts (Fig. 16).

Fig. 16: Wheatstone bridge for strain measurement.

In the balanced condition all four resistances are equal of R0. On straining the resistances
R2 and R4, which refer to strain gauge, change to R0+ R while R1 and R3 remain
unchanged as R0 .The relation between resistances and voltage in Wheatstone’s bridge is:
V  V0 (

= V0 (

R3
R2

)
R1  R2 R3  R4

R0  R
R0
)

R0  R0  R R0  R0  R

 V0 (

R
)
2 R0  R

(42)

Replacing R  k . .R0 in the above equation
V  V0 (



k . .R0
)
k . .R0  2.R0

2.V
2.V
1

.
k (V0  V ) V0 k (1  V )
V0

(43a)
(43b)

For V << V0

 =

2.V
V0 .k

(44)

For a gain of G in the output voltage V eq. (44) becomes,



2.V
V0 .k .G

(45)

Using the above relation voltage vs. time data can be converted to strain vs. time data.

3.4

Elevated temperature test

Elevated temperature tests are carried out using disc shaped resistance coil furnace of 30
mm thickness (Fig. 17). The sample to be tested at elevated temperature is held using a
thermocouple wire by a brass sleeve such that it does not touch either of bars, a gap of
about 10 mm is kept on each side of the sample. This ensures rapid heating of sample
without much heating of the bars. The furnace slides over the bars at a position where the
sample is at the furnace center. After reaching the desired temperature the sample is held
for a minimum of 3 to 4 minutes before testing. At present the bars and sample are
brought together manually within a second prior to firing the striker bar. Thermocouple
on sample gives the temperature of the sample and is controlled using a variac. A
temperature up to 500 oC can be achieved using the heating furnace.

Fig. 17: Heating furnace for elevated temperature test. The sample is placed at center of furnace between
the bars.

3.5

Momentum trapping

In the present SHPB setup, the incident bar is modified to have a flange and a sleeve at
the striker bar end (Fig. 18), with the primary aim of trapping the reflected pulse. This is
referred to as momentum trap. The gap between the sleeve and the flange is such that
after the striker impacts the incident bar, the gap closes. Thus the gap = time of pulse 
particle velocity in the incident bar. This simplifies to Lsb  i here Lsb is the length of
striker bar and εi is the strain in incident bar due to incident pulse. When the reflected
pulse reaches the end of incident bar it sees the sleeve. The impedance of sleeve is same
as that of incident bar so the reflected pulse goes into the sleeve as compressive pulse.
From the free end of the sleeve this compression pulse reflects off as a tension pulse and
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pulls the sleeve away from the flange, trapping the pulse in the sleeve. The sample is not
reloaded can be recovered for microstructural analysis.

flange
sleeve

striker bar

gap
Fig. 18: Flange and sleeve of incident bar (right side) for momentum trap. Striker bar is on the left.

Table 1: Specification for SHPB
Strain Rate Range
Temperature Range
Striker Bar velocity

100 s-1 to 10000 s-1`
Room temperature to 400 oC
0.5 to 50 m/s

Specimen size
Length of Incident bar
Length of Transmission bar
Length of Striker bar
Length of the experimental set-up

Ø4mm X 4mm, Ø5mm X 5mm, Ø6mm X 6mm,
1.3m, Ø13mm
1.3m, Ø13mm
0.1m, 0.2m, 0.3m 0.4m, 0.5m (Ø13mm for all striker bar)
6.0m

Material of Incident bar
Material of Transmission bar
material of Striker bar

Maraging steel (350 grade)
Maraging steel (350 grade)
Maraging steel (350 grade)

High speed Data acquisition system
Number of channels
Sampling rate
Band Width frequency of amplifier
Strain gauges

2 nos.
2.5106 samples per second
0 to 500 kHz
350Ω

Elevated temperature systems
Disk type heating furnace
Variac

Upto 400 oC
0 to 240V

4
4.1

Calibration and Test procedure
Calibration of the split-Hopkinson pressure bar set-up

Calibration of the experimental setup was done to obtain following

1. Wave velocity C0 in the incident and transmission bars.
2. Gas gun pressure and striker bar velocity relation.
4.1.1 Calculation of wave velocity C0
The wave velocity is determined by impacting the striker bar with the incident bar having
other end of incident bar kept as free end (without test sample and transmission bar). The
compression pulse thus generated will propagate along the bar, reflect as tension pulse
form the free end which again will travel the length of bar and again reflect back as
compression pulse and so on. The schematic of pulse generated and reflections in incident
bar are shown in Fig.19a. The time interval between start of compressive incident pulse
and next reflected compression pulse is determined as shown in Fig. 19b. The wave
velocity is then determined by dividing twice the length of incident bar by the time
interval t
C0 

2L
t

(46)

(a)

(b)
Fig. 19: (a) Compressive and tensile pulse (reflection) travelling in the bar. (b) Measured signal of multiple
reflections of compression, tensile and compression pulse in incident bar to measure wave velocity.

4.1.2 Relation between gas gun pressure and striker bar velocity

The gas gun pressure and striker bar velocity relation can be theoretically obtained by
equating stored energy of gas to the kinetic energy of striker bar as the gas expands to fill
the barrel (Fig. 20).
2

1
 P  P  d  2 mv
ext

1

2

(47)

P  const

 

Cp
Cv

Where  is the volume of chamber and subscript 1 and 2 the initial and final volume
respectively, P is the pressure, Cp and Cv is the specific heat at constant pressure and
volume, respectively.

Fig. 20: Gas gun and barrel with striker bar, before (top) and after (bottom) firing of striker bar.

The actual gas gun pressure vs. striker bar velocity was calibrated using striker bar of
different length (0.1 m, 0.2 m, 0.3 m, 0.4 m and 0.5 m) at different gas gun pressure
ranging from 0.5 to 5 bar. The velocity as obtained by velocity sensors during calibration
were compared with theoretical pressure –velocity relation (Fig. 21). The calibrated result
were used during the test to back calculate the gas gun pressure for a given striker bar
velocity.

Fig. 21: Theoretical and experimental pressure-velocity data for striker bar of length 0.5m.

4.2

Procedure for carrying out test in SHPB and subsequent analysis

The complete test process can be categorized in three parts, pre-test, test, and post-test.
4.2.1

Pre-Test Process

The strain generated in specimen is proportional to the length of striker bar. Impact of
striker bar generates a stress pulse on incident bar which is twice the length of striker bar
(sec. 2.4). Longer the stress pulse more will be the duration of loading of specimen and
thus higher will be the strain generated. Strain rate in sample is proportional to the
reflected strain and inversely proportional to length of specimen (eq.35). The reflected
strain increases with increasing incident strain, which in turn increases with increasing
striker bar velocity. Thus the strain rate in sample increases with increasing striker bar
velocity. For a given length of striker bar, its velocity is proportional to gas gun pressure.
Given a material, a desired strain and strain rate it is required to know the following test
parameters.
i. Length of striker bar.
ii. Striker bar velocity.
iii. Gas gun pressure.
iv. Setting of gap between sleeve and flange for momentum trapping.
The steps for determining these parameters are given below.
 Estimate the strain in transmission bar by guessing the flow stress σs of the sample.

t 

t
E



As  s
Ab E

(48)
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 Estimate the strain in incident bar due to the reflected signal for a given length of

sample Ls and a desired strain rate.

r 

Ls s
2Co

(49)

 Estimate the strain in incident bar due to the incident signal as the sum of

magnitudes of transmitted and reflected signals already estimated above.

i  r  t

(50)

 Estimate length of striker bar for a desired strain rate and strain using eq. (46) and

s   s t .
Lsb 

Co  s
2s

(51)

 To obtain the desired incident signal, estimate the velocity of striker bar using eq.

(19),
vsb  2Co i

(19)

 For a given striker bar velocity, the pressure in gas gun is estimated using the

velocity pressure bar relation obtained through calibration.
 Calculate gap between sleeve and flange of incident bar as,

gap  Lsb  i

(52)

 Hence the length of striker bar, striker bar velocity and gas gun pressure is estimated

for carrying out the test.
4.2.2

Test of specimen

The next step is to carry out the test in the following steps.
 Ensure strain gauge signals are balanced (zero mV).
 Push back the striker bar in the barrel towards the gas gun.
 Sandwich sample between bar using proper lubricant.
 Set gap for momentum trapping as calculated.
 Set the appropriate trigger levels in the data logger program.
 Pressurize the gas gun to the desired pressure.
 Carry out the test.

4.2.3


Post test
Data captured by the DAS after the SHPB test includes the incident, reflected and
transmitted signals in form mV vs. time.



The data is corrected for dispersion, as discussed in 2.8.
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The dispersion corrected data is then converted from mV vs. Time to strain vs. Time
using eq. (45) as derived in section 3.3.



Stress, strain and strain rate of the specimen are calculated using eq. 34, 36 and 35
respectively, as mentioned in section 2.7.

The above mentioned post-processing is carried out using programs in Matlab. Fig. 22
and 23 show typical pulse forms without and with momentum trapping. All high strain
rate tests are adiabatic in nature, i.e. the heat generated during high strain rate
deformation does not have sufficient time to dissipate. The heat generated raises the
temperature of the sample. The temperature rise T is calculated by assuming that the
work done on deforming the sample goes to heating the sample, i.e.,


   d  C p T ,

(53)

0

where η is fraction of heat dissipation due to plastic deformation assumed as 1 [11], ρ is
density of the material and Cp is specific heat at constant pressure. Fig. 24 shows an
example of the adiabatic rise in temperature. Fig. 25 shows how the strain rate varies
with strain during the SHPB test. For a work-hardening material, as shown in the figure,
as the stress increases the strain rate decreases.
200
150
reflected wave

Signal (mV)

100
50
0
-50
-100
transmitted wave

-150
-200

incident wave

0

500

Time (s)
Fig. 22: A typical pulse signal recorded using strain gauges. Indicated are the incident and reflected pulses
obtained from the strain gauges attached to the incident bar, and the transmitted pulse obtained from the
strain gauges attached to the transmission bar. The remaining pulses are the reflections in the incident and
transmission bars. This is an example of a test done on Zr at room temperature without momentum trap.
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signal from incident bar
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Time (s)
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Fig. 23: A typical pulse signal recorded through strain gauges using momentum trap. Note further
reflections in the incident bar are minimized using the momentum trap. Test done at room temperature for
Al-Mg alloy.
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Fig. 24: True stress (left axis) vs. true strain curve for Al-Mg alloy tested at room temperature showing the
calculated rise in temperature (right axis) during testing using eq. 53.
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Fig. 25: True stress vs. true strain and the corresponding true strain rate vs. true strain (right axis) for
SA516.

5

Tests and Results

Some results of high strain rate testing of metallic specimens (SS 304, SA516 Gr. 70)
done using this SHPB experimental set up are presented here.

The samples are

cylindrical with a height by diameter ratio of 1. A small length of specimen is needed to
achieve force equilibrium in sample in shorter time.
5.1

SS 304 steel specimen

Tests were carried out on SS304 annealed at 1020 0C for 30 min and water cooled. Table
1 gives the detail of tests performed at different strain rates. The stress strain curves as
obtained using the procedure described in sec. 4.2.3 are shown in Fig. 26. It is seen that
with increasing strain rate the flow stress of material increases.
Table 2: Details of SS304 high strain rate test.

S.No.

Specimen size
in mm (LxD)

1
2
3
4
5

4.97x5.01
5.04x5.00
5.22x5.01
4.99x5.01
5.09x5.00

Gas gun
Pressure
(bar)
1.2
1.5
2.0
2.7
3.4

Velocity of
Striker bar
(m/s)
8.11
9.67
12.00
14.29
16.67
30

Length of
Strike bar
(m)
0.5
0.5
0.5
0.5
0.5

Average
strain rate
(s-1)
550
900
1100
1300
1450

Fig. 26: True stress (adiabatic) vs. true strain of SS304 tested at room temperature and at nominal strain rate
values as shown. Note as the length of striker bar is same in all tests, as the strain rate increases the strain
too increases.

5.2

Cold worked copper

20% cold worked copper was tested at different strain rates at room temperature. Table 2
gives the details of tests performed at different strain rates. It can be observed from the
table that the strain rate increases with increase in velocity of striker bar. As the length of
striker bar is the same for all tests, increasing strain rate results in increasing strain. Fig.
27 present the results for high strain rate test on copper. Quasi-static test result is shown
for comparison with high strain rate test results.

Table 3: Detail of high strain rate test on clod worked copper.

S.No.

Specimen size in
mm (L×D)

1
2
3
4

6.23×5.93
6.25×5.92
6.25×5.92
6.24×5.91

Gas gun
Pressure
(bar)
1.5
2
2.5
3

Velocity of
striker bar
(m/s)
9.09
12.00
13.63
15.00
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Length of
Striker bar
(m)
0.5
0.5
0.5
0.5

Average
strain rate
(s-1)
630
1000
1200
1500

Fig. 27: True stress vs. plastic strain at different strain rates for cold worked copper at room temperature.

5.3

SA516 Gr.70 carbon steel specimen

SA 516 Gr. 70 carbon steel is ferritic pearlitic steel with manganese as alloying element.
It is a pressure vessel steel for moderate and low temperature application. The chemical
composition of the material is shown Table 3.
Table 4: Composition of SA516 Gr.70 Carbon steel (wt %).

C

Mn

Si

P

S

Ni

Cr

Cu

0.24

1.14

0.2

0.016

0.022

47 ppm

30 ppm

180 ppm

Cylindrical samples of 5 mm diameter and 5 mm length were used for the test. The tests
were done at strain rates of 1000 and 3000 s-1 at temperature ranging from 30 to 400 ºC
and at strain rates ranging from 400 to 3500 s-1 at room temperature. Molybdenum
disulphide powder was used as lubricant between specimen and bars of set-up for high
temperature tests and Molybdenum disulphide grease was used as lubricant for room
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temperature tests to reduce friction between the bars and the specimen. The elevated
temperature tests were carried out by heating the sample using a small resistance coil
furnace as described in sec. 3.4.
Table 4 gives the details of tests performed at different strain rates and temperatures.
From Fig. 28 and 29 it is observed that the flow stress of the material is sensitive to
temperature. At a given strain rate, with increase in temperature, the flow stress
decreases. Fig. 30 shows that the flow stress of the material is sensitive to strain rate,
with increasing strain rate the flow stress increases.
Table 5: Detail of high strain rate test on SA516 gr. 70 carbon steel.

Sr. No

Test
Temperature
(0C)

Gas gun
Pressure
(bar)

Length of
Striker bar
(m)

1
2
3
4
5
6
7
8
9
10
11
12
13
14

30
30
30
30
30
30
100
100
200
200
300
300
400
400

1.00
1.50
2.00
3.00
2.50
3.00
1.33
2.20
1.24
2.20
1.15
2.00
1.07
2.10

0.5m
0.5m
0.5m
0.5m
0.3m
0.3m
0.5m
0.3m
0.5m
0.3m
0.5m
0.3m
0.5m
0.3m
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Velocity
of
Striker bar
(m/s)
06.90
09.73
11.90
15.44
18.83
21.19
08.97
17.17
08.32
17.63
07.48
16.67
07.04
16.78

True
Strain
Rate
(s-1)
400
1000
1500
2200
3000
3500
1000
3000
1000
3000
1000
3000
1000
3000

Fig. 28: Comparison of high strain rate test results at different temperature at strain rate of 1000 s-1 for
SA516.

Fig. 29: Comparison of high strain rate test results at different temperature at strain rate of 3000 s-1 for
SA516.
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Fig. 30: True stress- True strain curves of SA516 at different strain rates at room temperature.

5.4

Zirconium

Pure Zr was tested in SHPB using cylindrical samples of 5 mm diameter and 5 mm length
at room temperature and different strain rates (Fig. 31) and up to temperatures of 350 °C
at a strain rate of about 1000 s-1 (Fig. 32). From Fig. 32 it is seen that the strain rates at
different temperatures overlap, and that the strain rate decrease with increasing strain.
The flow stress decreases with increasing temperature (Fig. 32) and increases with
increasing strain rate (Fig. 31).
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Fig. 31: True stress vs. true strain plots of Zr tested at high strain rates (3500 and 900 s-1) and at quasistatic strain rate of 0.002 s-1.
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Fig. 32: True stress vs. true strain plot of Zr tested at different temperatures as indicated in plot. Also
shown are the corresponding strain rates.

6. Conclusion
The mechanical behavior of most materials are strain-rate dependent.

There are

numerous engineering applications where materials see high strain rate loading. Thus, for
optimal design and safety analysis of structures subjected to high strain rates, study of
materials under high strain rates is necessary. Split-Hopkinson pressure bar is one of the
high strain rates testing techniques using one dimensional wave propagation theory. This
test method is widely accepted for high strain rate testing of materials in the stain rate
range of 102 to 104 s-1.
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Need for such high strain rate test facility was felt in DAE and to meet this requirement
the SHPB facility was designed and developed by Refuelling Technology Division and
Mechanical Metallurgy Division, BARC. The set-up is commissioned at Material
Dynamics lab. Engg. Hall No.3. Prior to material testing, the test-setup was calibrated to
obtain some desired parameters necessary to carry out the high strain rate tests. High
strain rate tests were then carried out using the split-Hopkinson pressure bar. Good
results were obtained at high strain rate for SS304, cold worked copper, SA516 Gr. 70
carbon steel and Zr. Adiabatic true stress versus true strain plots were generated for the
tested materials through post processing of the data obtained through data acquisition
system. It was observed that the flow stresses of the materials tested were sensitive to
strain rate, though the strain rate sensitivity was different for different materials. The test
facility is fully exploited to generate high strain rate material property.
These high strain-rate data in conjunction with quasi-static data can be used to generate
constitutive equations relating flow stress of a material as function of strain, strain-rate and
temperature. These equations when implemented in finite element codes can be used for
safety and structural integrity assessment of structures subjected to dynamic loading.
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