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Influence of filtering size on results in interpretation of Hopkinson-Kolsky bar signals
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Abstract: The influence of registered signals smoothing on the calculated diagram of the test specimen was analysed for impact test
using split Hopkinson-Kolsky pressure bar. Two methods are used to smooth the signals: low-pass filtering built into the software and
arithmetic mean averaging. When determining the elastic modulus and the upper yield stress in these high-strain rate tests, it is concluded
that more accurate values are obtained by filtering with a cut-off frequency in the range of 60 to 80 kHz. For the second method, it is
concluded that it is best to average the curves with an amplitude of 3 or 4 microseconds. Attention is paid to the correct choice of the initial
moments from which the reading of the signals begins because the wrong choice leads to inaccurate calculations and conclusions about the

properties of the tested material.
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1. Introduction

At the beginning of 2021, in implementation of a project
BG05M20P001-1.001-0008 “National Center for Mechatronics and
Clean Technologies", a new experimental equipment was installed
at the Institute of Mechanics at the Bulgarian Academy of Sciences
— Split Hopkinson-Kolsky Pressure Bar (Fig. 1). This device is used
for determination of materials properties at high deformation rates.
It applies a load to the test specimen similar to that which the
material would withstand in real situations like car accidents or
other high-energy collisions. Modern implementations of these
devices are used to study metals and metal alloys [1-4], concrete,
foam concrete and reinforced concrete with different fibres [5-12],
geological materials (marble, rocks) [13, 14], different 3D printing
materials and products made by this technology [15, 16] and
composite materials [17]. In addition to experiments with
compressive impact deformation along the sample axis, shear
deformation can also be realised [18]. Often modern devices of this
type are equipped with high-speed cameras, which visualise the
process of shock deformation, and/or determine the field of
deformation of the observed surface of the sample by correlation
analysis of the recorded images [19]. The results obtained from
these measurements provide essential information about the
properties of the tested materials for scientific and engineering
applications. Researchers use them as input data in developing
numerical models of structures from relevant materials and in basic
research related to defining constitutive equations describing the
behaviour of materials under dynamic loading [20].

Experiments are conducted by mounting a cylindrical test body
between two rods, called Incident Bar (IB) and Transmitted Bar
(TB). Strain gauges are glued in the middle of the two bars, and the
machine is equipped with a computer and a recording device for the
signals coming from these strain gauges.

There is a theoretical model for determining the compressive
stress and strain of the crushed specimen, which uses the registered
strain pulses in time.

The registered signals strain-time have fluctuations that affect
the quality of the determined diagrams. To improve the results, a
low-pass software filter is applied to the registered signals.

Accumulating experience, it became clear that the selected cut-
off frequency of the filter not only smooths the resulting diagrams
but also changes the slope of the observed mechanical diagram.

In this report, we analyse the influence of the selected cut-off
filter frequency on the final shape of the obtained diagram (with the
same output signals for all analyses). The aim is to find such cut-off
frequency that will provide sufficient smoothing of the desired
diagram and will have only a slight effect on its initial slope.

2. Test equipment, material and experimental plan

A pressure Hopkinson's bar, as modified by Kolsky (Fig. 1),
contains a launching device (1) powered with compressed air. It can
fire strikers at planned speed. The available strikers are 200 to 800
mm long and have a diameter of 20 mm, the same as the diameter
of the main bars. After firing the selected striker, its impulse is
passed to the incident bar (2), creating in it a longitudinal pressure
wave that moves at the speed of sound. The test specimen (4) is
deformed between the IB and the transmitted bar (5), as part of the
impact wave is reflected (from the end of the bar 2) and is
registered through the strain gauges (3), and another part is
transmited through the test specimen and is registered by the strain
gauges (6), located in the middle of the TB (5). Behind the last rod
(7), there are devices (not visible in Fig. 1) for suppressing the
movement after impact. The equipment works well when the system
of bars are positioned with minimal deviations from a straight line.

Fig. 1 Split Hopkinson-Kolsky pressure bar

1- Launching device, 2-Incident bar, 3-Strain gauges in the middle of IB, 4-
Test piece, 5-Transmitted wave bar, 6- Strain gauges in the middle of TB, 7-
motion suppression bar.

IB and TB are made of "Maraging 300" steel with a diameter of
20 mm and a length of 2000 mm. A striker with 600 mm length was
used for this experiment. There are disk anvils of the same diameter
and 8 mm length on both sides of the test specimen. On the
forehead of the incident bar is used a shaper - washer M4 according
to DIN 9021 made of A2 steel.

The influence of filtering on the obtained results will be shown
by processing the signals from one of the tsts in different ways. The
test specimen is made of duralumin with initial dimensions: 5 mm
diameter and 5 mm length. The speed of the striker before the
impact with the IB is estimated as 13.3 m/s.
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The experimental plan is expressed in signal processing and
analysis of the results, as smoothing of the signals is done in
different sizes and by two methods:

*  Using the built-in filter, at the following cut-off
frequencies: 40, 60 and 80 kHz.

*  Using the averaging method described in section 3.4, at the
following averaging amplitudes: 1, 2, 3, 4, 6, 8, 10 and 12
microseconds.

The results obtained without any signal smoothing are
compared with the results obtained after smoothing.

3. Signal processing methods
3.1 Simplified analytical model

The mechanical diagram of the test specimen for the described
Hopkinson-Kolsky bar is obtained by the following "simplified"
system of equations [21, 22]:

6 (1) =7 er(®) W
es(t) = [ ¢ (D)dt @
55(0) = By 3= er(®) ®
Where:
t —Time

er(t) — Reflected (by the end of IB) signal

¢, — Propagation velocity of the deformation waves (pulses) in
the bars, 4730 m/s

Iy — Initial sample length
é,(t) — Sample deformation rate

e;(t) — Nominal (engineering) deformation of the sample,
calculated for moment t

er(t) — Passed through the sample (transmitted) deformation
pulse

E}, — Elastic modulus of all bars, 181 GPa.
A, — Cross-section of the bars
A, — Initial cross-section of the sample

ss(t) — Nominal (engineering) stress in the sample for moment

It is accepted that stress and strain are considered as positive
values even though the sample is subjected to compression [22].
Therefore, the signs of the recorded signals must be reversed.

During an impact deformation of the sample, its dimensions
change significantly. Therefore, under compression and while the
variables are positive, the true strain & and the true stress o, are
calculated by the formulas (4) — (6), [22]:

g5(t) = —In[1 — e;(t)] @
. _ &)

&(D) = ﬁ ®)
O (t) = Ss(t)[l — € (t)] (6)

3.2 Start of signal reporting

The recorded signals are available in tabular form, every 1
microsecond. Before mathematical processing, the starting points in
time must be chosen for both signals (reflected and transmitted).
The machine is designed so that these two points coincide or at least
be close enough to each other.
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Our experience has shown that beginning of the signal 7 (¢t) is
delayed by about 13 us after the beginning of the signal eg(t), as
shown in Fig.2. We think this is due to the passage of the strain
pulse through the sample and by removal of gaps between the
sample, disk anvils and bars.

To obtain quality results, it is crucial the starting points of
reading the signals ep(t) and 7 (t) to be chosen correctly, using a
theoretically and empirically justified method. In the presented
calculations and results, the starting moments of reading the two
signals were chosen to be (approximately) when |ep (t)| = 10/100 *
max(|eg|) and e7(t) = 10/100 * max(er).

3.3 Signal filtering

The experimental equipment is provided with a computer and
signal processing software developed by the manufacturer - THIOT
INGENIERIE. The software contains an option for signals filtering
where a "threshold frequency" is selected. In subsequent
calculations, the software uses the filtered curves (Fig. 3).

3.4 Signal smoothing by averaging

The recorded signals are available in tabular form through 1 ps.
The aim is to suppress unwanted signal fluctuations by averaging
adjacent values. Select the amplitude of averaging A, ps, and
determine averaging period and frequency.

T=2A us, (7)

T

Example: 4 = 12 ps; T = 2A = 24 pus. v = 1/ (24.10%) = 41.7
kHz. These parameters were introduced for comparison with the
threshold frequency of the other method (section 3.3).

V= Hz, (8)

Formulas for smoothing signals and inverting signs

£x(t) = —Averageeg (i ; ﬁ) 9)
&r(t) = —Averageer (i ; ﬁ) (10

The function Average in Excel software is used to find the mean
value at moment t, as the arithmetic mean of the values in the range
from t—A to t+A inclusive. When processed in Excel tables, the time
increases from top to bottom and, therefore, in Egs. (9) and (10), the
later value of the interval is written below. Index R refers to
reflected pulse, and index T refers to the strain pulse transmitted
through the sample. In Egs. 9 and 10, the minus sign satisfies the
requirement for stress and strain to be positive in subsequent
calculations.

4. Experimental result and discussion
4.1 Recorded signals

The reflected strain pulse and the strain pulse passed through
the sample are shown in Fig. 2. The duration corresponds to the 600
mm striker used, and the pulse shape is typical for the used shaper.

Several sharp pulsations of the signals are visible, the most
drastic at the moment being 594 us. These ripples affect 1 to 2
adjacent recorded values. The filtration techniques are mainly used
to suppress such pulsations, which are not a property of the material
under study, but have an electrical origin.

Before starting the calculations in accordance with Egs. (1) -
(6), the beginning points in the time must be selected, for both
signals. The points when &g (t) = 77 um/m and e7(t) = -27 um/m
were selected, and they are indicated in Fig. 2. The difference
between them is 13 ps.
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Fig. 2 Recorded signals

4.2 Smoothed signals

Figs. 3 and 4 show the signals smoothed by the two mentioned
methods: with the built-in the machine’s software low-pass filter at
a threshold frequency of 40 kHz, and by averaging as described in
section 3.4, at A= 12 ps.

The curves are visualised from the selected start times. It can be
seen that the curves are smoothed similarly, but differences show
that mathematical apparatuses of both methods are different.
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Fig. 3 Filtered signals, threshold frequency = 40 kHz.
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Fig. 4 Averaged and reversed signals, A =12 /5.
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4.3 Influence of the size of filtering (averaging) on the
final diagram

Figure 5 shows how the selected cut-off frequency of the low-
pass filter affects the calculated mechanical diagram.

True stress, MPa

—a— No Filter

100

12 14 15 18 2
True strain, %

Fig. 5 Diagrams of the test sample, calculated with the original equipment
software at different sizes of filtration (cut-off frequencies: 40, 60 or 80
kHz).

Fig. 5 shows that a filter with 40 kHz cut-off frequency has a
noticeab le effect on the initial slope of the curve and the upper yield
strength. The reduction is 30% for the elastic modulus and 8% for
the upper yield strength.

The elastic modulus is determined according to the average
slope of the calculated curve for strain up to 0.2%.

The diagram obtained at 80 kHz is quite close to the raw
diagram (obtained without filtering). The reduction in this case is
15% for the elastic modulus and 3% for the upper yield strength.
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Fig. 6 Test sample diagrams, calculated in Excel when smoothing signals
with different averaging amplitudes.

From Fig. 6 it is clear that the smoothing of the registered
signals by averaging also leads to smoother diagrams and a decrease
in the slope and height.

When averaging with an amplitude of 3 ps, the elastic modulus
is obtained 6% smaller and the upper yield strength is obtained 4%
smaller compared to the same indicators, determined without
averaging the signals.
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Averaging with an amplitude of 6 ps is similar to filtering with
a 40 kHz cut-off frequency.

5. Conclusions

The influence of the amount of smoothing of the registered
signals on the calculated diagram of the test body was studied using
a Hopkinson-Kolsky bar impact test. Two methods have been used
to smooth the signals: a low-pass filtering built into the software
and arithmetic mean averaging.

It is shown (Figs. 5 and 6) that stronger smoothing leads to
more significant changes in the initial slope of the calculated
diagrams. It was found that both methods, filtering with 40 kHz
cut-off frequency and averaging with an amplitude of 6 ps, have
similar effect over the stress-strain diagram.

We concluded that filtering with a cutting frequency of 60 to 80
kHz and averaging with an amplitude of 3 to 4 pus leads to sufficient
smoothing and neglectable deviation from the original (unfiltered)
diagram.
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