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Abstract: In order to present basic guidance for system calibration of split Hopkinson pressure bar (SHPB) with the special shape
striker, wave characteristics and dynamic responses of SHPB under striker impact were analyzed. Stress generated by the special
shape striker tends to have a half-sine waveform and has little wave dispersion during its propagation. Impact velocities of the special
shape striker and peak values of generated stress still have linear relation but with a different coefficient from that of cylindrical
strikers. From stress histories on the surfaces of the input bar impacted by the special shape striker off-axially and obliquely, it is
found that the misalignment impacts usually trigger wave distortion and amplitude decrease, which can be used to identify the poor
system adjustment. Finally, the system calibration of SHPB with the special shape striker can be classified into four steps: system
adjustment, wave distortion identification, measurement calibration and transmission calibration, where the measurement calibration
factor and transmission calibration factor are elaborated and redefined.
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1 Introduction

Proposed as the suggested method of Internal
Society of Rock Mechanics (ISRM) to determine
dynamic characteristics of rock materials [1], more and
more split Hopkinson pressure bar (SHPB) apparatus

with special shape strikers will be constructed worldwide.

Then, basic problems like striker design, system
construction and system calibration should be elaborated,
so as to give guidance to people who will work with this
innovative apparatus. Details about striker design and
system construction can be found in early work of LI and
GU [2] and recent improvements by their research team
[3—6]. But for the system calibration, no detailed
investigation has been made before.

In conventional SHPB system for dynamic tests of
metal materials, cylindrical strikers are used. Calibration
of this kind of SHPB includes measurement correction
and transmission correction that are both quantified into
correction factors [7—8]. The measurement correction
factor is termed as the ratio of theoretical input
stress/strain  to measured stress/strain.  The
transmission correction factor is calculated with the ratio

input

of the incident stress/strain to the transmitted stress/strain.

However, in SHPB system with special shape strikers,

curved profiles of the strikers make the theoretical
prediction of the generated stress/strain very difficult
with current knowledge [9—10]. So, the conventional
measurement correction for SHPB with cylindrical
strikers tends to be unusable. Besides, the truncated head
of the special shape striker makes the axial alignment
between the input/output bar and the striker rather
difficult. The frequent poor alignment will trigger signal
distortion, which must be identified and eliminated
before tests. So, the system calibration of SHPB with
special shape strikers is very different from that with
conventional cylindrical strikers.

In this work, the SHPB system with typical special
shape striker is taken for analysis. Problems related to
the system calibration are discussed, and the steps of
system calibration of SHPB with the special shape striker
are presented.

2 Wave characteristics of SHPB with special
shape striker

Special shape striker is designed to generate
half-sine waves on SHPB to overcome premature failure
of brittle specimen firstly. It is found to be able to avoid
high signal oscillation and keep specimen deforming at
constant strain rates [5—6]. All these advantages lead to
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its popularity for dynamic rock tests. For special shape
striker with different profiles, different stress waves are
generated. Taking all the cases into consideration is
impossible. Here, a typical striker with profile shown in
Fig.1 is taken for analysis. The corresponding SHPB
input/output bar is 50 mm thick and 2 000 mm long. The
striker and the SHPB bars have the same material
properties with elastic modulus of 240 GPa, density of
7 800 kg/m’, and Poisson ratio of 0.285.
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Fig.1 Striker profile in ISRM suggested method (unit: mm)

2.1 Stress wave and its propagation along input bar

generated by special shape striker

Once the striker impacts the input bar, stress wave
will be generated in the input bar and propagate along it.
Figure 2(a) gives the axial stresses on surface points at
1/4, 1/2 and 3/4 length of the input bar impacted by the
striker at velocity of 10 m/s. For the sake of comparison,
the stress histories on the compartment SHPB with
cylindrical striker of 50 mm thick and same length are
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Fig.2 Axial stresses at bar surface: (a) Impacted by special

shape striker; (b) Impacted by cylindrical striker

also recorded, as shown in Fig.2(b).

From Fig.2(a), it can be seen that an approximately
half-sine wave is generated by the striker of Fig.1 and
little wave dispersion is observed during propagation.
While for rectangular waves generated by the cylindrical
striker, heavy signal oscillation from dispersion exists
and the waveforms change during its propagation for
dispersion effect (Fig.2(b)) [11]. At the same time,
slowly-rising wave heads are observed in the half-sine
waves generated by the special shape striker. The
slowly-rising wave head is vital for dynamic tests of
brittle materials to overcome premature failure [6].

By identifying the peak values of waves in Fig.2(a),
the three waves have peak values of —166, —162 and
—158 MPa, respectively. The decrease of wave amplitude
comes from wave attenuation. The average peak values
of rectangular waves in Fig.2(b) show the similar trend.
For SHPB with steel bars, this attenuation is generally
very small within several meters and can be neglected in
data processing. However, some non-elastic SHPB bars
have been used to investigate the dynamic behaviors of
rock joints, polymers or other soft materials recently
[10-12]. In these cases, the wave attenuation will be
evident and should be corrected.

2.2 Relations between impact velocity of striker and
input stress
In SHPB tests with cylindrical strikers, the stress in
the input bar is usually estimated according to the 1D
wave theory as

O = —PeCell = —PCcVs /2 (1

where p. and c, are the density and wave velocity of the
input/output bar; # is the particle velocity in the stress
wave; v is the impact velocity of the striker.

Equation (1) indicates the difference between
microscopic and macroscopic parameters and is widely
used to predict the input stress in conventional SHPB
apparatus. But, this equation is derived from the rod-rod
impact based on 1D wave theory and becomes unusable
when a large-diameter bar or non-cylindrical striker is
used in SHPB system.

To obtain practical relations between the striker
velocity and the generated input stress, tests with
different impact velocities of cylindrical striker and
special shape striker of Fig.1 are conducted. Stress
records at the middle of the input bar are taken for
analysis. The peak stresses from waves generated by the
special shape striker and the average peak stresses from
those generated by cylindrical striker are normalized into
l|o/(pece)| and plotted with striker velocity, as shown in
Fig.3. It can be seen that, for large-diameter SHPB
system with cylindrical striker, Eq.(1) cannot accurately
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Fig.3 Relations between normalized stress and striker velocity

describe the relations between the striker velocity and the
generated stress. The generated stress is larger than that
predicted theoretically. When the special shape striker in
Fig.1 is used, the striker velocity and peak values of the
generated stress still have linear relation with the form of

o =-0.3698p.c.V, 2)

3 Dynamic response of SHPB under mis-
alignment impact by special shape striker

In conventional SHPB system with cylindrical
striker, the striker and the input bar are both uniform
cylinder with same diameter. The alignment of the striker
and input bar can be done easily by keeping them fully
contact coaxially. However, when the special shape
striker is used, the truncated end of the striker makes the
coaxial alignment a bit difficult. Misalignment impacts
are prone to happen in tests and cause wave distortion.
The dynamic response of SHPB under these
misalignment impacts should be investigated so as to
identify the system abnormalities by this reason and do
corresponding calibration.

Figure 4 schematically shows the normal impact
(Fig.4(a)) and misalignment impacts (Fig.4(b) and
Fig.4(c)), where the off-axial distance is denoted as L
and the oblique angle is denoted as a.
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Fig.4 Schematic diagrams of different types of striker impacts:

(a) Normal impact; (b) Off-axial impact; (c) Oblique impact

3.1 Off-axial impact

With striker velocity of 10 m/s and off-axial
distance of L=6 mm, the axial stresses of surface points
are recorded. As the loading condition of the input bar is
axially asymmetric in this situation, the stress histories at
upper and lower surfaces are both recorded in Fig.5.
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Fig.5 Axial stresses in off-axial impact: (a) At 1/4 bar length;

(b) At 1/2 bar length; (c) At 3/4 bar length

It can be seen from Fig.5 that the off-axial impact
causes a large wave distortion at the near part of the
input bar. Even at the middle of the input bar, the rear
part of the stress wave departs from the stress curve by
the normal coaxial impact, as shown in Fig.5(b). At 3/4
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length of the input bar, the stresses at the upper and
lower surface points converge to the same level, but the
amplitude shows a bit smaller than that from the normal
coaxial impact (Fig.5(c)). So, the off-axial impact not
only triggers stress wave distortion, but also leads to
larger wave attenuation.

3.2 Oblique impact

For SHPB with special shape striker, the contact
area between striker and the internal wall of the firing
gun is relatively small. Uneven movement from unstable
air pressure in firing gun or local friction on its way may
cause the striker to impact the input bar obliquely. Figure
6 gives the axial stresses of surface points on the input
bar impacted by the striker with velocity of 10 m/s and
oblique angle of 2°.

It can be seen that the oblique impact also triggers
large wave distortion. The distortion is so serious that the
stress evolution path is totally different from that from
the normal coaxial impact. When the axial stresses at the
upper and lower surface points converge at 3/4 length of
the input bar, their amplitude is obviously smaller than
that from the normal impact (Fig.6(c)).

Figures 5 and 6 also indicate that when abnormal
stress waves, especially waves with distorted rear parts,
are monitored in tests, problems may come from
misalignment between the input bar and the striker.

4 Steps of system calibration for SHPB with
special shape striker

From the above analyses, SHPB system with a
special shape striker has unique responses as compared
with conventional SHPB with a cylindrical striker.
Although the transmission correction is necessary for
both kinds of system, the measurement correction with
theoretical prediction from Eq.(1) tends to be unsuitable.
In tests with the special shape striker, the checking of the
abnormal input stresses appears to be important because
of the difficulty in co-axial alignment between the input
bar and the striker. Besides, the wave attenuation should
be corrected if the damping effect of the bars is strong.

Generally, a SHPB system consists of a striker, an
input bar and an output bar, as shown in Fig.7. In tests,
the striker is shot out from the gas gun and impacts the
input bar. With strain gauges mounted on the middle of
the input bar and the output bar, the stress (strain)
histories Oincidents Oreflected ANA OTransmitted are measured for
calculation. Opcigent aNd ORefiecied are measured with the
same strain gauge.

In order to identify the wave attenuation and
distortion for misalignment impact, two additional strain
gauges are suggested to glue at the position of 1/4 and
3/4 length of the input bar. The obtained stresses are
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Fig.6 Axial stresses in oblique impact: (a) At 1/4 bar length;
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denoted as oy,4 and o34.

Then, the calibration of SHPB system with the
special shape striker can be classified into four steps.

Step 1: System adjustment

Tune the brackets under the SHPB to keep the
striker, input bar and output bar at the same line axially
as much as possible; Make sure that the strain gauges are
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well glued and the strain meter can get the signals
properly.

Step 2: Wave distortion identification

After system adjustment, the striker is fired to
impact the input bar which contacts the output bar
without specimen, then oy, 63/4, Oincidgent 3Nd OTransmitted A€
obtained. In order to distinguish these stresses from those
in tests with specimens, they are denoted as o),,
034> Ommeident A4 Ohanimived» TESPECively.

By using the special shape striker, the stress waves
on the input bar are expected to have half-sine
waveforms, as shown in Fig.2(a). The amplitude can be
roughly predicted by Eq.(2) with the striker velocity. And
oly, 09,4 and o e should be very similar when
there is no damping.

Any discrepancy from waveforms in Fig.2(a) should
be checked. The reasons may come from the off-axial
impact or oblique impact. Then, the system should be
re-adjusted until the discrepancy disappears.

Step 3: Measurement calibration

The measurement correction mainly deals with the
attenuation of waves during their propagation. The
measurement calibration factor K, can be defined as

K, =max(|oy), |)/max( o9 ) 3)

Then, the incident and reflected waves in normal
tests with specimens can be corrected, respectively, as

Oncident = Glncident/ K 1 (4)

O Reflected — Kl * OReflected (5)

Step 4: Transmission correction

Transmission error mainly comes from the stress
loss caused by the little gap between the input bar and
the output bar. Besides, the wave attenuation for the
traveling distance between specimen and the strain gauge
at the middle of the output bar also contributes to the
experiment error. By considering the gap effect and the
attenuation effect, the transmission calibration factor can
be defined as

0 2 0
KZ = maX(| OIncident |)/K1 max(|O-Transmitted |) (6)

So, the measured transmitted wave in tests with
specimen should be corrected as

O Transmitted — K 2 " O Transmitted (7)
5 Conclusions

1) The stress generated by the special shape striker

has an approximately half-sine waveform and has
immunity to dispersion effect.

2) The striker velocity and peak value of stresses
generated by the special shape striker have the relation of
0=0.369 8p.cevs.

3) The misalignment impacts of special shape
striker lead to wave distortion and amplitude decrease,
which can be used to identify the poor system
adjustment.

4) System calibration of SHPB with the special
shape striker can be done with four steps: system
adjustment, wave distortion identification, measurement
calibration and transmission calibration.
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