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Abstract
Impacting rods are used in various devices in practical life but also for scientific experiments such as the split
Hopkinson pressure bar. In order to validate numerical results of the stress wave with respect to the influence
of the piston geometry, a pneumatic single hit test rig is set-up. After the hit of the impacting piston onto
the rod a stress wave is propagating both into the piston and the rod. The resulting stress wave in the rod is
measured in close proximity to the impact zone by using two different measurement techniques. The first
method is based on digital image correlation. Since the distortion of the rod is very small, the displacements
have to be detected very precisely to yield good results. More reliable results can be achieved by the second
method: measuring the distortion with the well-known strain gauges.
In this contribution the set-up of the test rig is presented and measurement results are shown. Finally, the
measurement results are compared with numerical results which yield good agreement.

1 Introduction

Impacting rods are used in many technical applications and in experimental devices. The most important
experimental set-up is the split Hopkinson bar apparatus which consists of two rods, with a specimen to be
investigated in between. One of the rods is hit by a third rod which leads to a rectangular pulse that propa-
gates towards the specimen at which the wave is partly reflected and transmitted. These waves are detected
by strain gauges located in the middle of the rods. This enables to determine the constitutive law of the
specimen at high strain rates.
As an example of a technical application the percussion drilling process can be mentioned. The drilling
process is initiated by high frequency hits of a piston onto the drilling rod. After each hit, a stress wave
propagates both into the piston and the rod. It is difficult to predict the stress wave shape that finally arrives
at the rock since it is influenced by many factors, such as friction, material properties and geometry variation
of the impacting partners and the non-linear rock drill-bit interaction.
In 1959, Fischer [1] first examined the collision of fundamental forms and compared the analytical, geo-
graphical and numerical methods with measurement results which have been obtained using strain gauges.
Lundberg et al. [2] have theoretically determined the optimal wave with respect to efficiency in percussive
drilling depending on the duration of the stress pulse. For a given finite duration, the optimal shape is expo-
nential whereas the optimal wave shape for short duration is almost rectangular. A numerical model based
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on finite element method to improve the penetration depth per hit has been presented in [3]. A similar model
has been used to model the split Hopkinson bar apparatus in [4].
Kaiwen et al. [5] have discussed different measurement techniques for the split Hopkinson bar (i.e. X-ray
micro computed tomography, laser gap gauge and digital image correlation) and revealed that the digital
image correlation technique is a promising way to obtain high resolution full-field strain information in high
strain rate tests. This measurement technique has also been sucessfully applied for wood that has been tested
with the split Hopkinson pressure bar in [6].

The objective of this work is to apply the digital image correlation technique to stress the influence of the
geometries of the impacting partners on the wave shape. The results are compared with the results yielded
by applying the conventional strain gauge measurement technique. The experimental set-up and the two
measurement techniques are described in Section 2. Another aim of this work is to validate a numerical
model, which is presented in detail in [7]. The main idea of the numerical model is given in Section 3. In
Section 4 the results are presented followed by the conclusion in Section 5.

2 Experimental set-up

The schematic sketch of the experimental set-up, which contains a gun that accelerates the piston, is depicted
in Figure 1. The velocity of the piston can be adjusted by varying the pressure in the pressure chamber. After

Figure 1: Schematic sketch of the experimental set-up

the impact, pressure waves propagate both into the piston and the rod. The strain at the beginning of the rod
is detected by using two different measurement methods.
The first method is an image-based approach with a high-speed camera that takes pictures of a special pattern
at a very high frequency. By evaluating the pattern the displacement field can be determined which enables
to calculate the strain field subsequently.
The second method uses the well-known strain gauges to determine the strain at one position. The rod is
supported freely at its left end and can move axially until it reaches the stop.
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2.1 Gun

In Figure 2, the schematic sketch of the gun is shown. Due to the incoming air into the pressure chamber,
the bushing tries to move to the right. However, the motion is prevented by the balls that are located on the
trigger. The bushing is not able to move to the right until the balls vanish. By pushing the trigger, the trigger
moves to the left whereby the balls drop down on the lower outer diameter of the trigger. Thus, the pressure
chamber opens and the pressurized air flows towards the piston which leads to its acceleration.
The velocity of the piston can be adjusted by varying the pressure within the pressure chamber. However, a
direct regulation of the impact velocity is not possible.

Pressure chamber

Piston

Bushing

Trigger

Air supply

Figure 2: Schematic sketch of the gun

2.2 Image correlation measurement

Image based measurement systems, such as the image correlation method, provide significant benefits with
respect to the conventional measuring method of using strain gauges. The main advantage is that an entire
strain field can be measured with only one experiment. It is also possible to measure the strain at several
positions with strain gauges, but most measurement systems are restricted in the amount of channels they
can process. In addition, the image correlation method is contact-free so that materials with no access for
strain gauges can be examined.
Observing the motion of the material with a high-speed camera enables to get an insight of what happens in
the material at a certain time. Therefore, the interpretation of the measured phenomena can be explained and
visualized.
For the image correlation technique pictures at very high frame rates have to be taken by a high-speed camera.
At high frame rates, an external illumination is needed. Therefore, a laser triggered by a high-speed camera
sends laser pules shortly before the pictures are taken. Without the laser illumination, the pictures taken
would be completely black.
For further evaluation, the pictures are sent to the computer and examined applying the DaVis 8.4 FlowMaster
software of the company LaVision.
The software subdivides the frames into so called interrogation windows of size n×n as shown in Figure 3.

In order to determine the displacement field, the cyclic correlation between the interrogation windows is
calculated with [8]

C(dx, dy) =

x<n,y<n∑

x=0,y=0

I1(x, y)Ik(x+ dx, y + dy), −n
2
< dx, dy <

n

2
. (1)
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Figure 3: Frame subdivided into interrogation windows (left) and the corresponding displacement field after
the evaluation (right)

I1, Ik express the intensity values of one interrogation window of the first and kth frame respectively. The
correlation function C(dx, dy) describes the correlation strength at the cyclic integer shift (dx, dy). It is
well-known, that the correlation function C(dx, dy) can also be calculated in the frequency space by deter-
mining the two dimensional FFT of both I1 and Ik and multiplying them complex conjugated. Subsequently,
the inverse FFT of the product is calculated which yields the correlation function C(dx, dy). This way is
much faster compared to the direct evaluation of equation 1.
The correlation function C(dx, dy) enables only to detect displacements with pixel accuracy. The accu-
racy can be improved by a three-point estimator that fits a Gaussian bell in each direction using the cor-
relation peak C(i, j) at pixel shift i, j and its direct neighbors C(i− 1, j), C(i+ 1, j) in x−direction and
C(i, j − 1), C(i, j + 1) in y−direction [9, 10]. The sharper the correlation peaks are, the better the method
works. The used pattern is specially designed to get sharp peaks with low noise.
On the right hand side of Figure 3 an example of the corresponding vector field is presented. For every
interrogation window a displacement vector is determined. Subsequently, the strains in x−direction

εxx =
∂ux
∂x

(2)

are calculated by applying central differences

εxx =
ui+1,x − ui−1,x

2n∆pix
, (3)

where ui±1,x describes the displacement in x-direction at interrogation window i ± 1, n corresponds to the
number of pixels in one direction of the interrogation window and ∆pix represents the width of one pixel.
To reduce noise, the displacements are averaged in y−direction. Since linear elastic material behavior is
assumed, the stress in x−direction can be calculated with Hooke’s law

σxx = Eεxx, (4)

and Young’s modulus E.

Applying image based measurement systems to detect the wave shape of a propagating stress wave faces
two major challenges. The first challenge is to realize a reasonable resolution for the wave shape which is
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demanding due to the very fast wave propagation speed. Therefore, the frame rate of the high-speed camera
has to be extremely high. The main properties of the used high-speed camera are depicted in table 1.

Name Photron FASTCAM SA5
Frame rate 7000 fps at maximum resolution 1024 × 1024 pixels

232500 fps at resolution 192 × 104 pixels
Bit depth 12 bit
Pixel size 20µm

Table 1: Main properties of the high-speed camera

It can be seen that the maximum resolution decreases with increasing frame rate. The resolution of the wave
shape can be improved by taking materials with low wave propagation speed.
The second challenge is the main difficulty in using high-speed cameras for the calculation of wave shapes:
The displacement field detection has to be very accurate in order to get reliable solutions for the strain
calculation. This can be explained by the fact that for the strain calculation, not the absolute values of the
displacements is important but the difference between them. The key determinants to improve the accuracy
of the strain calculation can be derived by examining the central difference formula. According to the DaVis
software manual, an accuracy up to 0.05 ∆pix for the displacement detection can be achieved. If it is assumed
that the displacement at interrogation window i−1 can be determined exactly, the strain calculates as follows

εcal =
ui+1,x + 0.05∆pix − ui−1,x

2n∆pix
=
ui+1,x − ui−1,x

2n∆pix︸ ︷︷ ︸
εxx

+
0.025

n︸ ︷︷ ︸
εerr

. (5)

Since the accuracy of the displacement determination also depends on ∆pix, the error is independent of the
pixel width ∆pix.
Based on equation 5 three possibilities to improve the measurements can be derived. The first possibility is
obviously to increase the interrogation window (larger n). However, due to the high frame rate the resolution
is already very low. This implies that the number of evaluation points will be decreased. Moreover, to
achieve good results for the central finite difference calculation of the strain, the spatial distance 2n∆pix

between the evaluated interrogation windows has to be small. Therefore, it can be concluded that ∆pix has
to decrease which leads in turn to the fact that only a very small part of the rod can be covered. The second
possibility is to improve the accuracy of the measurement, which can be achieved by using a microscope.
The last possibility is to lower the error sensitivity. For steel, the occurring strains are very low. Thus, small
errors in the determination of the strain already have significant impact on the result. It has to be considered
that for the calculation of the strain linear elastic material behavior is assumed. As a consequence, the actual
strains should not exceed the yield limit.

2.3 Strain gauge measurements

The strain gauge that has been implemented is placed in the region of the pattern so that the results of the
strain gauge can be compared with the results that are obtained with the image correlation method. The
characteristics of the strain gauge are shown in table 2.

Name Kyowa KFG-2-120-C1-11L5M2R
Gauge factor 2

Gauge length 2 mm

Gauge resistance 120.4 ± 0.4 Ω

Table 2: Characteristics of the strain gauge
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The measurement device that hast been used is called Siemens LMS Scadas Mobile equipped with DSP
module SCM-VB8-II with maximum frame rate of 200 kHz.

2.4 Piston and rod

The restrictions of the measurement devices in terms of maximum frame rate motivate to consider other
materials than steel for the rod. The distance the wave propagates between two samplings is calculated by

∆l = c∆t =
c

f
. (6)

For steel (csteel ≈ 5000 ms−1) and frame rate f = 200 kHz the travel distance of the wave ∆l equals
2.5 cm. A better spatial resolution can be achieved by considering materials with lower wave propagation
speed. Moreover, to get reliable results with the image correlation method, it is advantageous that the material
exhibits high strain at the yield limit. Therefore, for the rod of length 305.5 cm and constant diameter 41 mm
POM-material with the following material properties

Name POM-C
Density 1410 kgm−3

Young’s modulus 2800 MPa

Tensile strength 66 MPa

Compression strength 72 MPa

Table 3: Material properties of the rod material

has been chosen. Since the strain in the piston has not been detected, the wave propagation speed of the
piston does not have to be considered. Therefore, the piston is made of hardened steel. The dimensions of
the piston can be seen in Figure 4.

Figure 4: Dimensions of the piston
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3 Simulation model

Analytical solutions for the wave propagation in rods with non-uniform geometries only exist for very few
(i.e. exponentially varying) cross sections [11]. Therefore, numerical methods have to be applied for arbitrary
geometries.
The dynamics of the rod (i = 1) and piston (i = 2) can mathematically be described by the partial differential
equation for the displacement ui(x, t)

∂

∂x

[
Ei(x)Ai(x)

∂ui
∂x

]
= ρi(x)Ai(x)

∂2ui
∂t2

, i = 1, 2 (7)

in which E is the Young’s modulus, ρ describes the mass density and the area of cross section is denoted
by A. This equation simplifies for constant material properties and constant cross sections to the well-known
1D wave equation [12]

∂2ui
∂t2

− c20,i
∂2ui
∂x2

= 0, c0,i =

√
Ei

ρi
, i = 1, 2 (8)

with wave propagation speed c0. This equation can analytically be solved by the d’Alembert solution

ui(x, t) = fi(x− c0,i t) + gi(x+ c0,i t), i = 1, 2 (9)

where f and g are arbitrary functions.
The main idea of the numerical approach is to approximate the geometry of both piston and rod by piecewise
constant cross sections so that equation 9 can be applied to constant cross sections. At the impact zone
between piston and rod and at each change of cross section transition conditions have to be formulated
which can be derived by claiming force and displacement equilibrium

u1(x̂, t) = u2(x̂, t), (10)

E1(x̂)A1(x̂)
∂u1
∂x

(x̂, t) = E2(x̂)A2(x̂)
∂u2
∂x

(x̂, t) (11)

with x = x̂ being the spatial coordinate of the impact zone or of a change of cross section. It is important to
stress that the condition force and displacement equilibrium at the impact zone only holds if the transmitted
force is a compressional force. Otherwise, piston and rod will separate. By taking a large number of constant
cross section elements a good approximation of the geometries can be achieved.

4 Results

In Figure 5 the results for both measurement methods and for the simulation are depicted. All results are
evaluated on one position on the rod at 6 cm distance from the impact zone. It can be seen that a sudden
change in stress occurs due to the impact. The agreement of the image correlation method with the strain
gauge result is very good immediately after the impact. However, the stress curve of the image correlation
method decreases rapidly until no measurement is possible anymore. The reason for this is that the rod
is moving axially after the hit and the camera is taking pictures from the same position all the time. In
Section 2.2 it has already been discussed that in order to get reliable results, the number of pixels and the
pixel size has to be very low. This in turn leads to the mentioned problem that the pattern moves out of the
picture.

STRUCTURAL DYNAMICS: METHODS AND CASE STUDIES 3541



Figure 5: Comparison of image correlation method with strain gauge measurement (left) and simulation
result (right)

Figure 6: Numerical simulation of the stress at piston (to the left of dashed line) and rod (to the right of
dashed line) a) shortly after the impact, b) before the stress wave reaches the end of the rod, c) shortly before
reflected wave reaches impact zone and d) after the separation

3542 PROCEEDINGS OF ISMA2018 AND USD2018



After the impact, the stress continuously decreases until it changes suddenly to a tensile stress peak. This
phenomenon can be explained by interpreting the simulation results shown in Figure 6, where the stress at
every spatial position of the piston and rod is depicted at different times.
The dashed line displays the transition between piston and rod. In Figure 6a) the situation shortly after the
impact is depicted. The stress wave front already propagates approximately 0.2 m into the rod. At the same
time, the wave front that propagates into the piston is already reflected at its free end on the left because
the wave propagation speed of steel is ≈ 3.5 times higher than the wave propagation speed of POM. The
material points of the rod right of the wave front are at rest and have not been influenced by the impact yet.
The wave front of the rod continues propagating until it almost reaches its free end in Figure 6b). At its free
end, the stress wave is reflected and returns in form of a tensile stress wave towards the transition zone. Just
before the tensile stress wave reaches the impact zone, it reaches the evaluation point by which the tensile
stress peak both in the simulation and for the strain gauge measurement can be explained (Figure 6c)). Since
a tensile force cannot be transmitted at the impact zone, piston and rod separate and move independently as
soon as the tensile stress wave arrives at the transition. This leads to the change of the transition conditions
from force and displacement equilibrium to the boundary condition of free ends for piston and rod. At the
resulting free end, the tensile stress wave is reflected again (Figure 6d)). The time duration of the stress peak
in the simulation corresponds to the time between the arrival of the tensile stress wave until the arrival of the
reflected stress wave.
The height of the tensile stress peak in the simulation is considerably higher than the one detected using
strain gauges. A possible explanation for the difference is the fact that material damping is not considered in
the simulation model. Apart from the differences in amplitude of the peaks, the qualitative behavior of the
stress shape can be described adequately.
At this point, it is advantageous to verify the presumptions with pictures taken with the high-speed camera.

Figure 7: Sequence of camera pictures from a) rod is at rest and waiting for the piston over b) the hit and c)
movement together until d) the separation

A sequence of camera pictures from the rod being at rest until rod and piston are separated is presented in
Figure 7. By comparing the time between the hit and the separation both in Figure 7 and Figure 5 it can be
confirmed that piston and rod separate as soon as the reflected tensile stress wave arrives at the impact zone.
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Moreover, the high-speed camera can be used to detect the impact velocity of the piston. The dependency of
different impact velocities on the wave shape is depicted in Figure 8.
The measurement results confirm the expectations: The higher the impact velocity the higher is the stress

Figure 8: Strain gauge measurement at different piston velocities

peak immediately after the impact. The duration between impact and separation is independent of the impact
velocity since it is only dependent on the material properties of the rod. Moreover, the measurement results
show that the results are repeatable.

5 Conclusion

In this paper two different measurement methods for the evaluation of stress wave shapes have been investi-
gated and compared with simulation results. The simulation results yield qualitatively very good accordance
with the strain gauge measurement results. However, the image correlation method only yields reliable re-
sults at the beginning of the impact. The reason is that the image correlation method cannot measure the
strain directly but has to measure the displacements first. The strain of most materials at the yield limit is
very low. Therefore, in order to get reliable results, the displacements have to be detected very precisely.
If higher strains are of interest the image correlation can still be applied. Although the image correlation
method could not detect the desired stress wave shape, the combination of strain gauges together with a
high-speed camera turns out to be very useful. On the one hand the high-speed camera can be used to deter-
mine the piston velocity just before the impact and on the other hand the overall movement of the impacting
partners can be observed. This leads to a better understanding of the system and can be used to verify some
phenomena.

The qualitative behavior of the stress wave shape can be predicted very well by the simulation model. There-
fore it can be concluded that one-dimensional theories yield good results for such impact problems. Further
improvements of the numerical model will be to include material damping. Moreover, the influence of the
geometries of the impacting partners will be examined.

3544 PROCEEDINGS OF ISMA2018 AND USD2018



References

[1] H.C. Fischer, On longitudinal impact I- Fundamental cases of one-dimensional elastic impact, theories
and experiments, Journal of Applied Scientific Research, Vol. 8, No. 1, 1959, pp. 105-139.

[2] B. Lundberg, P. Collet, Optimal wave with respect to efficiency in percussive drilling with integral drill
steel, International Journal of Impact Engineering, Vol. 37, No. 8, Elsevier (2010), pp. 901-906.

[3] J. Montonen, E. Keskinen, M. Cotsaftis, J. Miettinen, W. Seemann, Dynamics of Single-Hit Pneumatic
Test Drill for Pulse-Shaping Analysis of Impacting Waves, Proceedings in ASME International Mechan-
ical Engineering Congress and Exposition, San Diego, California USA, 2013 November 15-21.

[4] E. Keskinen, T. Vuoristo, V. Kuokkala, M. Martikainen, Numerical analysis of Hopkinson split bar appa-
ratus, Proceedings of SEM Annual Conference and Exposition on Experimental and Applied Mechanics,
Portland, Oregon US, 2005 June 7-9.

[5] X. Kaiwen, Y. Wei, Dynamic rock tests using split Hopkinson (Kolsky) bar system, A review, Journal of
Rock Mechanics and Geotechnical Engineering, Vol. 7, No. 1, CSRME (2015), pp. 27-59.

[6] C. Moilanen, P. Saarenrinne, B. Engberg, T. Bjrkqvist, Image-based stress and strainmeasurement of
wood in the split-Hopkinson pressure bar, Measurment Science and Technology, Vol. 26.

[7] J. Burgert, W. Seemann, F. Hartenbach, Optimization of the piston geometry to generate a desired stress
wave shape, Proceedings of the 88th Annual Meeting of the International Association of Applied Math-
ematics and Mechanics, Weimar, Germany, 2017 December, pp. 675-676.

[8] O. Ronneberger, M. Raffel, J. Komenhans, Advanced Evaluation Algorithms for Standard and Dual
Plane Particle Image Velocimetry, Proceedings of the 9th International Symposium on Applications of
Laser Techniques to Fluid Mechanics, Lisbon, Portugal, 1998 Juli 13-16.

[9] C. E. Willert, M. Gharib, Digital Particle Image Velocimetry, Journal of Experiments in Fluids, Vol. 10,
No. 4, Springer (1991), pp. 181-193.

[10] J. Westerweel, Fundamentals of digital particle image velocimetry, Journal of Measurement Science
and Technology, Vol. 8, No.12, 1997, pp. 1379-1392.

[11] S. Guo, S. Yang, Wave motions in non-uniform one-dimensional waveguides, Journal of Vibration and
Control, Vol. 18, No. 1, SAGE (2011), pp. 92-100.

[12] P. Hagedorn, A. DasGupta, Vibrations and Waves in Continuous Mechanical Systems, WILEY (2007).

STRUCTURAL DYNAMICS: METHODS AND CASE STUDIES 3545



3546 PROCEEDINGS OF ISMA2018 AND USD2018


