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The paper presents a possibility of numerical modelling of a copper shaper
utilized in an SHPB device with additional attention paid to the proper bar-shaper
interaction simulation. The pulse shaper was modelled with the use of three methods
available in the commercial code, i.e., applying typical finite Lagrangian elements,
meshless smoothed particle hydrodynamics (SPH) method and multi- material ar-
bitrary Lagrangian–Eulerian (MM-ALE) formulation. Additionally, the authors per-
formed a mesh (particles) sensitivity study and the assessment of its influence on
the obtained incident pulse characteristics. Consequently, the results obtained from
all numerical analyses were compared and validated with the experimental ones with
a particular attention given to the shape of the incident pulse and copper shaper
deformation. The paper describes also the investigation of a relationship between the
contact (coupling) force and the impulse shape.
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1. Introduction

One of the most popular devices for investigating dynamic behaviour of
solid materials at high strain rates within the range of 102 to 104 s−1 [1–11]
is a Kolsky bar, more commonly known as the split Hopkinson bar named af-
ter Bertram Hopkinson. However, it was John Hopkinson who first investigated
stress wave propagation in a wire [2, 12]. Based on the results of his inves-
tigations, Bertram (his son) developed a method for recording the movement
of a cylinder under strongly dynamic conditions [3, 13]. In 1948, Davies im-
proved this technique with better accuracy of measured data [14], whereas Kol-



430 P. Baranowski, J. Janiszewski, J. Malachowski

sky modified the device and implemented two elastic bars, instead of one, with
the investigated specimen placed between them [15]. Since then, this device has
been known as the split Hopkinson pressure bar (SHPB) or the Kolsky bar.

The aforementioned SHPB is used for obtaining stress-strain curves of investi-
gated materials for certain strain rates. However, such investigations are exposed
to the problems of oscillations recorded by the strain gauges (e.g., Pochhammer–
Chree oscillations [14, 16]), which adversely affect the results. The oscillations
are the result of wave dispersion. Since the bar material is free to move in the
radial direction, the actual stress wave in the bars is two-dimensional. These two-
dimensional effects result in dispersion of the wave when it propagates along the
slender bars. The effects of dispersion accumulate as the waves propagate over
a distance and become more significant when a bar diameter increases as com-
pared to the wavelength.

In an SHPB experiment, the rectangular pulse generated by the impact of the
striker on the incident bar is composed of a spectrum of frequencies. Each fre-
quency component has its own propagating velocity. The lag between the higher
and lower frequency components of the pulse results in a distorted waveform
after traveling a distance. The wave dispersion can be physically minimized by
adjusting the incident pulse shape, which directly influences material behaviour
[1, 5, 17–20]. The incident pulse can be shaped using several techniques, e.g..
by inserting a preloading bar [1, 19, 21], modifying a shape of the striker bar
[22, 23–28] or using a small piece of material (so-called pulse shaper) as the me-
chanical filter which is placed on the impact end of the incident bar. The last
mentioned technique is the aim of the authors’ study.

In all three cases, numerical correction of the wave dispersion is not needed.
The use of the pulse shaping technique extends also the rise time in the incident
pulse, which is necessary to achieve stress equilibrium in the specimen [1, 5,
17–20, 29–32].

It should be noted, however, that for different test conditions it is recommended
to adjust thickness and a diameter of the pulse shaper [19]. Also, work-hardening or
brittle materials need a different thickness-length proportion of the disc. Moreover,
as it is presented by other authors [33, 34], effect like friction, apart from others,
influences the proper estimation of material properties using SHPB. The authors
are aware of all above facts; however, the main aspect of the paper is an attempt
to numerically model a copper shaper using different techniques with special
attention given to the proper bar-shaper interaction simulation.

In experimental conditions, the use of the pulse shaper is a simple procedure;
however, to obtain constant strain rate conditions during tests, many attempts
have to be carried out. This is possible to be easily achieved by using numerical
methods, more particularly the finite element method, which was presented in
other papers [28–33].
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However, in the current paper, the authors present the possibility of nu-
merical modelling of a pulse-shaper deformation using three different methods:
typical finite Lagrangian elements, meshless smoothed particle hydrodynamics
(SPH) method and multi-material arbitrary Lagrangian–Eulerian (MM-ALE)
formulation. Additionally, the authors performed a mesh (particles) density sen-
sitivity study with the assessment of its influence on the obtained incident pulse
characteristics and copper shaper behaviour during dynamic compression. Con-
sequently, the results obtained from all numerical analyses were compared and
validated with the experimental ones with the particular attention pointed to
the incident pulse shape and copper shaper deformation. It should be stated that
such a concept of shaper modelling using a meshless method (more particularly
SPH) and a coupling approach (MM-ALE), besides FE modelling, seems to be
novel and original. The authors have not come across any similar work that
would cover the study of different methods of wave shaper modelling and their
experimental validation.

It should be also noted that one of the main aspects of the study was to
emphasize the importance of a correct contact procedure, which is one of the
most essential parameters in such investigations. As a consequence, the relation-
ship between the interaction force and the impulse shape was investigated and
presented in all cases.

The paper presents a part of wider investigations which aim at finding an
optimal shape of an incident pulse for a specific type of material (brittle, ductile
or soft). This can be obtained using a discussed shaper or with the special shape
of the striker, which in fact was the subject of authors’ investigation in their
previous paper [28].

2. Coupling problem in terms of shaper

and bar interaction modelling

The main problem of the presented study was to properly simulate the in-
teraction between the shaper and bars using three different methods. As it will
be presented further, a contact procedure between the aforementioned bodies is
especially important in obtaining the expected shape of the incident pulse, which
consequently gives the possibility to achieve a proper material characteristic of
the material tested in SHPB apparatus. It is known that a pulse shaper reduces
the wave dispersion and oscillations of an incident pulse [1, 5, 17–20], as well as
it extends the rise time, which is necessary to achieve the stress equilibrium in
the specimen [1, 5, 17–20, 29–32]. However, what happens, from the mechanical
point of view, when the shaper strikes the bar and during a “severe” impact be-
tween the bars? The schema of the contact force in both situations is presented
in Fig. 1, which provides a summary of a discussed phenomenon. Not only the
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Fig. 1. Contact force in a) “severe” striker-bar impact, b) striker-shaper-bar impact.

amplitude of the impulse of contact force is different but also the shaper operates
as a “damper” and its compression results in the impulse extension.

One of the objectives of the study is to emphasize the role of the contact
procedure which is the basis for obtaining a proper result, namely the incident
impulse shape. Therefore, in the subsequent chapters, a direct relationship be-
tween the contact (coupling) force and the impulse shape will be confirmed.

2.1. Contact description between interacting bodies

As it was mentioned, one of the most important issues of the paper is an
accurate numerical description of the two interacting bodies. The presented com-
putational investigations were based on the analytical considerations included in
papers [35, 36].

It was assumed that in the performed analyses the following constitutive
relations between contacting bodies are formulated, according to contact normal
stress tensor, using penalty method:

(2.1) t̄ = t̄N n̄,

where tN = εNgN and εN is the normal penalty factor.
From the finite element formulation, the contact contribution for slave node

k is formulated based on the following equation:

(2.2) Ck
c = δuT

c Fc = δuT
c Kc∆uc,

where Fc is the contact force vector, δuT
c is a displacement vector for the contact
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elements and Kc is the contact stiffness matrix of the contact element containing
the tangent stiffness matrix KN for the normal contact [35].

Taking all of the above into consideration, the final global nonlinear element
equation for penalty approach is as follows:

(2.3) MÜ + [K + Kc]U = F(t) − Fc,

where M is the mass matrix, K is the stiffness matrix and vector F(t) describing
external force.

It should be concluded that the most challenging problem in this approach is
the contact stiffness assessment, which, as it will be discussed in the next section
of the paper, is dependent on many factors.

2.2. Penalty contact implementation in explicit code

In SPH and FEM, the contact process played a significant role due to its direct
influence on the interaction between the shaper and bars (striker and incident)
as well as on the obtained impulse shape. Thus, it was necessary to simulate the
interaction between the segments of collaborating parts as accurately as possible.
In explicit software, the interaction between two or more bodies is defined using
the so-called penalty function approach [36, 37, 38]. For parts with different
stiffness, contact stiffness is determined by the following formula:

(2.4) kcs(t) = 0.5 · SOFSCL ·m ·
(

1

∆tc(t)

)

,

where SOFSCL – scaling factor, m – function dependent on masses of master
and slave nodes, ∆tc – initial time step dependent on the contact procedure (if
the solution time step grows, ∆tc is reset to the current time step to prevent
unstable behaviour of the simulation).

In the above formula, it is possible to observe that the contact stiffness de-
pends, inter alia, on ∆tc, which, in turn, directly influences the solution time
step and can be placed in the following formula:

(2.5) ∆t = Cmin(∆tc,∆tFE),

where ∆tc – time step size dependent on the contact procedure, ∆tFE – time
step size based on the discrete element (selected from all elements in the model),
C – scale factor related to the CFL stability condition.

2.3. MM-ALE coupling modelling

In the modelling of coupling in MM-ALE, the penalty based method is also
used (or constraint based method, which preserves momentum, however does
not conserve energy). In this case, the fictional elastic element is also defined
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between interacting nodes. The value of its stiffness is calculated based on the
minimum stiffness of elements being in contact.

In the matrix approach, a coupling process can be described using a general
equation for a gaseous (liquid) medium f [39]:

(2.6) Mf
.
v+N(v −

.
χ)v +Kfv +Bfp = Rf + Ff

and a solid medium s:

(2.7) Msü+Ks(u)u = Rs + Ff ,

where p – pressure, Ff – coupling force, Rf , Rs – external forces, Kf – viscosity,
Bf – differential operators matrix, N – nonlinear part dependent on the differ-
ence between velocity of MM-ALE system configuration and velocity of Eulerian
gas.

Moreover, within the boundary of two mediums (gaseous or liquid and solid)
the following equilibrium condition must be satisfied [39]:

(2.8) Ffv = Fsu̇,

where v – velocity of gaseous (liquid) medium, u̇ – velocity of solid medium.

3. Methodology of experimental and numerical studies

3.1. Experimental set-up background

A classical compression split Hopkinson pressure bar was applied in the
present studies. The apparatus presented in Fig. 2 consists mainly of a striker
launching system (air pressure gun), a striker, an incident bar, a transmission
bar (bar system), a velocity measuring device and a computer-controlled high-
frequency data acquisition system. The incident bar and the transmission bar
were 1218 ± 0.25 mm long each, while the striker length was 200 ± 0.05 mm.
Both the bars and the striker had a diameter of 12.05 mm and were made of
commercial maraging steel grade 350, which was heat treated to guarantee a high
strength property of bars (nominal quasi-static yield strength R0.2 = 2320 MPa,
Young modulus E = 190.6 GPa, sound speed C0 = 4866 m/s). Each bar was
supported by four linear bearing stands, which were mounted on an optical bench
allowing precise alignment of the bars system.

The elastic deformation signals in the incident and transmitted bars were
captured using a pair of strain gauges attached symmetrically on the opposite
surfaces of the bars and in the middle of their length. The strain gauges were
connected to the opposite legs of the Wheatstone bridge, which was a typical half-
bridge configuration. On the other legs of the bridge, the dummy resistors were
mounted, resistance of which matched the strain gauges resistance. The typical
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Fig. 2. Split Hopkinson pressure bar (SHPB) used in investigations.

electrical strain gauges of 1.6 mm were used (CEA-13-062UW-350, Vishay Micro-
Measurements). The amplified signals of the strain gauges were recorded with
a frequency of 1 MHz with the use of the signal conditioning unit (SGA-0B V5
Wheatstone bridge with signal conditioning amplifiers, ESA Messtechnik) and
the data acquisition system (LeCroy WJ354A high-speed digital oscilloscope).
The conditioner utilized in tests can use different low-pass filters with the cut-off
frequencies equal to 100 kHz, 200 kHz, 500 kHz and 1 MHz. In the presented
investigations the 1 MHz filter was used. An example of raw signals (without
pulse shaper and specimen) from the strain gauges conditioned with the applied
measuring equipment is shown in Fig. 3.

Fig. 3. Raw incident and transmitted wave signals measured by strain gauges.

Before testing, the SHPB apparatus was calibrated by checking if the rela-
tionship between the actually measured strain in the incident bar and the pre-
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dicted signal amplitude related to the striking velocity was satisfied. In order to
measure the impact velocity of the striker with the satisfactory accuracy, a Micro-
Epsilon optoCONTROL1200 laser-beam measurement system was utilized. The
data processing and analyses were carried out using programs developed in the
Mathcad environment.

Discs of 5.56 mm diameter made of Cu-ETP copper sheet were used as pulse
shapers. The pulse shapers were manufactured from 0.32 mm copper sheet with
the use of a sheet metal punching technique.

3.2. Numerical methodology

The authors focused only on the copper shaper modelling using different
methods and incident pulse assessment; thus, specimen, stopper and transmission
bar were omitted. In all cases three-dimensional model was used instead of axial
symmetric. The latter is less computationally expensive but the 3D model will
give the possibility to study additional problems such as non-axial impacts of
striker, discontinuity in bars or poor quality of specimen or bars. These kinds
of analyses are going to be also performed in the next steps and their influence
on the results will be also investigated. A more detailed description of SHPB
apparatus modelling can be found in the authors’ previous paper [28].

Numerical simulations within the presented study were performed using an
aforementioned explicit solver with a central difference scheme and with the
implementation of a modified equation of motion time integration [35]. In the
carried out analyses, the stability of computations was guaranteed by Courant–
Friedrichs–Lewy (CFL) condition, which states that the time step must be less
than a certain time, otherwise the simulation will produce incorrect results [37]:

(3.1) C =
ux∆t

∆x
+
uy∆t

∆y
+
uz∆t

∆z
≤ Cmax,

where ux, uy, uz are velocities, ∆t is the time step, ∆x, ∆y, ∆z are length inter-
vals, Cmax varies with the method used (in presented investigations, it was set
to Cmax = 0.66, which is recommended for strongly dynamic phenomena).

3.2.1. FE shaper modelling. In FE modelling, in order to simplify and shorten
computational time, symmetry of the problem was assumed and only a quarter
of the model was taken into consideration. Dimensions and initial-boundary con-
ditions directly corresponded to the experimental ones. As it was stated before,
a copper pulse shaper, modelled using Lagrangian elements, was placed between
the striker and the incident bar (Fig. 4). The striker and incident bar consisted
of fully integrated hexagonal elements with a number of 4600 and 35 075, respec-
tively. Also, it should be noted that the number of elements did not affect the
results, which was confirmed in parallel tests.
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Fig. 4. Initial-boundary conditions applied in numerical analyses in FE shaper modelling.

For the copper pulse shaper, fully integrated hexagonal elements were used.
The shape of elements was selected in order to guarantee the accuracy and
stability of computations throughout analysis in which the copper wave shaper
becomes largely compressed. As it was mentioned before, one of the main tasks
was to perform a sensitivity study of mesh density, which varied from the coarser
to the finer one. The authors decided to choose three different cases (Fig. 5):

a) pulse shaper modelled using 300 elements and 465 nodes,
b) pulse shaper modelled using 775 elements and 1074 nodes,
c) pulse shaper modelled using 1368 elements and 1799 nodes.

a) b) c)

Fig. 5. Three different mesh densities of FE copper shaper used in analyses.

The interaction between the striker, the bar and the shaper was described by
the surface to surface contact procedure and no friction was assumed, which in
actual conditions is practically zero and is provided by lubricating contact sur-
faces. In FE simulations a pinball segment based contact was applied (SOFT 2).
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The scale factor for constraint force was set to 0.12 and warped segment checking
as well as sliding option were enabled (SBOPT = 5). Search depth was set to
the value of 2 (improved accuracy) and the number of cycles between the bucket
sort was set to 15.

3.2.2. SPH shaper modelling. In the SPH case, the shaper and the bars had the
same dimensions as previously, the problem symmetry was also assumed and only
a quarter of the model was taken into consideration (identical initial-boundary
conditions and a number of finite elements forming the bars). The interaction
between the SPH shaper, the Lagrangian striker and the bar was described by the
nodes to surface contact procedure (without friction). Here, the soft constraint
formulation was applied (SOFT 1) with the scale factor for constraint force set
to 0.11. Search depth and the number of cycles between the bucket sorts were
the same as in the FE simulations.

It should be pointed out that the bulk viscosity is a very significant parameter
in SPH modelling, which prevents interparticle penetration and allows shocks to
form and to damp post- shock oscillations. Moreover, it was found that default
values for the artificial bulk viscosity for FE solid elements are not appropriate
when SPH particles are used in such a kind of simulation [40]. Thus, in the
presented investigations, the authors used values recommended in [40] for SPH
formulation: Q1 = 1.5 and Q2 = 1.0. Three SPH models with different number
of particles (similar to elements number in previous case) were also analysed
(Fig. 6):

a) pulse shaper modelled using 280 particles,
b) pulse shaper modelled using 665 particles,
c) pulse shaper modelled using 1324 particles.

280 particles 665 particles 1324 particles
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o
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w
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e 
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Fig. 6. Three different numbers of particles in SPH copper shaper used in analyses.
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3.2.3. MM-ALE shaper modelling. In the MM-ALE case, the shaper had the
same dimensions as previously and also identical striker velocity was applied.
The wave shaper was described with Eulerian formulation, whereas both the
striker and the bar were modelled using Lagrangian elements. The shaper was
placed inside the Euler domain (vacuum) and no symmetry conditions were
assumed (Fig. 7). The interaction between the Eulerian shaper, vacuum domain
and Lagrangian parts was described using the penalty coupling procedure with
the Van Leer second- order advection method [40]. It should be also pointed out,
that in MM-ALE simulations a fine and regular mesh is desired. Therefore in
the presented case, a large number of elements (with the smallest element length
equals to ∼0.05 mm in the case c) were used, which resulted in long-lasting
computations.

Striker Incident barPulse shaper

Vacuum domain

x
y

z

V= 12.4 m/s

Striker
(Lagrangian)

Inicident bar
(Lagrangian)

Eulerian vacuum
domain

Eulerian pulse
shaper

Striker

Incident bar

Fig. 7. SHPB with wave shaper in MM-ALE modelling.

Similarly to previous cases, three different mesh densities were also used and
compared (Fig. 8):

a) pulse shaper modelled using 1520 elements and 2005 nodes,
b) pulse shaper modelled using 2640 elements and 3318 nodes,
c) pulse shaper modelled using 9120 elements and 10927 nodes.

a) b) c)

Fig. 8. Three different mesh densities in MM-ALE copper shaper used in analyses.
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4. Material properties definition

Material properties for the bars were described with typical Hooke’s law elas-
tic constitutive model (with literature steel data) since the incident and striker
bar remain elastic during tests [1]. It is well known that the maximum stresses
rise with strain rates, which also influences yielding of a material [10]. In the
presented studies, the copper shaper deforms under dynamic conditions where
strain rate plays a significant role (the viscous effects are initiated in the mate-
rial). Thus, in all cases of wave shaper modelling (FE and SPH), the Johnson–
Cook constitutive material model was utilized (Table 1). It provides a prediction
of flow stress σflow for large strains and high strain rates, where its dependence
on strain rate is linear in a semilogarithmic scale [37, 41]:

(4.1) σflow = [A+B(εp)n](1 + C ln ε̇p
∗),

where A, B, C, n – material constants, εp – effective plastic strain, ε̇p
∗ – effective

plastic strain rate.

Table 1. Properties of copper for the J-C constitutive material model used in
analyses [37, 41].

A B N C ρ E υ
[MPa] [MPa] [-] [-] [kg/m3] [MPa] [-]

92 292 0.310 0.025 1.09 115 000 0.33

Table 2. Constants required for input in the Grüneisen EOS [42].

C0 S1 S2 S3 γ0 A
[m.s] [-] [-] [-] [-] [-]

3933 1.5 0 0 1.99 0.5

The Grüneisen equation of state was used for describing a pressure-volume
relationship of the copper pulse shaper with constants taken from literature [42]
(Table 2). It defines the pressure in compressed materials as [37]:

(4.2) p =

ρ0C
2µ

[
1 +

(

1 − γ0

2

)

µ− a

2
µ2

]

[

1 − (S1 − 1)µ− S2
µ2

µ+ 1
− S3

µ3

(µ+ 1)2

]2 + (γ0 + aµ)E

and for expanded materials as [37]:

(4.3) p = ρ0C
2µ+ (γ0 + aµ)E,
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where C – intercept of vs-vp curve (shock wave velocity vs. particle velocity), S1,
S2, S3 – coefficients of the slope of vs-vp curve, γ0 – Grüneisen gamma, a – first
order volume correction to γ0, and µ = ρ/ρ0 − 1.

5. Results and discussion

5.1. Validation results

As it was mentioned before, the main aim of investigations is to present
the possibility of copper shaper numerical modelling using different methods
with the additional mesh sensitivity study. First, however, a developed numer-
ical model of SHPB was validated with the actual one by comparing the raw
incident pulse, without using any pulse shaping. Also, three different striker ve-
locities: v1 = 11.2 m/s, v2 = 9.8 m/s, v3 = 6.7 m/s were used, which ensured
that material parameters and initial-boundary conditions were proper. All tests
were performed on the SHPB presented earlier. During tests no material char-
acteristics were investigated, thus the transmission bar (transmitted pulse) and
the copper shaper were not taken into consideration. From simulations, the in-
cident impulse (axial stress: σzz) was taken from the incident bar element which
directly corresponded to the place where the strain gauge was glued.

It can be observed that all three incident impulses obtained during analyses
are coincident with the experimental ones, thus an FE model of SHPB can be
considered as validated. Moreover, it can be also observed that the shape of
a contact force impulse between the bars and the corresponding incident pulse
is nearly identical for all three cases. Thus, it is clearly confirmed that the shape
of the elastic wave, which travels through bars, is directly related to the contact
procedure between the simulated bodies (Figs. 9–11). At this point it should
be noted that defining the contact stiffness should be carried out very carefully
(its parameters) as it can change results drastically even for the same initial-
boundary conditions.
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Fig. 10. Contact force and numerical incident pulse with experimental comparison for
v1 = 9.8 m/s.
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Fig. 11. Contact force and numerical incident pulse with experimental comparison for
v1 = 6.7 m/s.

5.2. Experimental test with copper shaper results

In the next steps, a pulse shaper made of copper (5.58 mm diameter, 0.32 mm
thickness) was placed between the striker and the incident bar. Similarly to the
validation tests, three different striker velocities were used: v1s = 12.4 m/s,
v2s = 8.3 m/s and v3s = 7.2 m/s. It should be noted that the authors’ in-
tention was not to compare pulses with and without the shaper, therefore the
velocity values are not identical with those in validation tests, however, a cer-
tain similarity can be noticed. As a result, the incident pulses were obtained
(Fig. 12), which, as it can be observed, are different than those without a wave
shaper (Figs. 9–11). The main and most visible differences are: increased rise
time, pulse length and lack of oscillations.

The authors decided that the most representative case to investigate is the
case with the highest velocity. Such choice was dictated by the fact that the
copper shaper was tested under the most extreme conditions due to the max-
imum deformation during dynamic compression between the bars. Thus, the
authors assumed that if the obtained results are proper for such conditions, they
will be also correct for the lowest velocities. Apart from geometrical changes,
a shaper effect on the incident pulse was also investigated, which directly influ-
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ences material behaviour during tests. It is well documented [1, 5, 17–20] that
a “streamlined” impulse shape gives the possibility to obtain stress equilibrium
in a specimen (for the specific family of materials) and sometimes constant strain
rate conditions during tests. If those two parameters are satisfied, the tests can
be considered as ideal and correctly carried out.
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Fig. 12. Incident pulses obtained from experimental tests.

5.3. Numerical analyses with copper shaper results

In the paper, the main aspect of investigations was to compare the results
of the obtained incident pulse shape and copper shaper deformation for differ-
ent numerical methods and mesh (particles) densities. Additionally, numerical
impulses were compared with the experimental one.

In Fig. 13, deformation of the shaper made of FE is shown for three different
mesh densities (for better visualization, the quarter of the model was reflected
in two directions). It can be observed that for the coarsest mesh the smallest di-
ameter and greater height was obtained, whereas the finest mesh resulted in the
largest deformation of the shaper. Moreover, abnormal deformation of elements
within the symmetry boundary is clearly noticed. It resulted from the fact, that
nodes of these elements have constraints on the normal direction of the sym-
metry plane (ZX and ZY ). Moreover, in the presented investigations hexagonal
elements with three degrees of freedom on their nodes were also used [37].

Shaper deformation for SPH models (reflected in ZX and ZY direction) is
presented in Fig. 14, also for three different numbers of particles. In this case, the
measurement of the diameter and height was problematic, due to the fact that
for the SPH generation the “cylinder” method was used instead of other, e.g.,
generating particles on hexagonal nodes. Such a choice was dictated by one of the
main conditions for a proper SPH simulation, according to which the mesh must
be as regular as possible and must not contain too large variations [36]. Similarly
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Fig. 15. Copper shaper deformation (max. compression) comparison for all MM-ALE cases.
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to previous FE results, the more particles the larger deformation of the shaper
was obtained. Nevertheless, the SPH shaper is stiffer than a Lagrangian model:
the maximum diameter in FE was ∼9.278 mm, whereas in SPH ∼8.851 mm.
This is caused by the fact that each element formulation handles deformation,
and consequently, stresses in different way [37].

Figure 15 presents the results from analyses with MM-ALE formulation. Con-
trary to previous cases, the smaller number of elements resulted in a larger diam-
eter and smaller height of the copper shaper. Although diameters were nearly the
same as for the FE modelling and slightly different from the SPH technique, the
shaper was more compressed (FE min. height: ∼0.101 mm, SPH: ∼0.111 mm,
MM-ALE: ∼0.098 mm). The authors suppose that the main reason of such phe-
nomena is the fact that in MM-ALE simulation the copper shaper is treated as
a fluid (gas), thus it is much more compressible than both Lagrangian and SPH
model.

Moreover, by comparing a diameter and length after the impact with the
actual shaper used in experiments, a good correlation between the results can
be observed (Table 3). Nevertheless, as it was mentioned before, SPH modelling
differs slightly more from the experimental results as well as two other methods.
However, as it will be presented in the further part of the work, an incident
impulse curve for this method is the smoothest one.

Table 3. Shaper dimensions after impact comparison.

Experiment
Mean diameter [mm] Height [mm]

∼8.600 ∼0.130

No. of elements/particles Diameter [mm] Height [mm]

FEM

a) 300 8.847 0.127

b) 775 9.091 0.109

c) 1368 9.278 0.101

SPH

a) 280 6.802 0.129

b) 665 7.720 0.121

c) 1324 8.851 0.111

MM-ALE

a) 1520 9.010 0.098

b) 2640 8.790 0.099

c) 9120 8.776 0.114

Finally, the measured incident impulse characteristics (stress) were examined
and compared (Figs. 17–19). In the simulations, pulse characteristics were taken
from the incident bar finite element which position directly corresponded to the
place where a real strain gauge was glued.

Firstly, the contact forces are presented in Fig. 16 for the three cases with
the smallest number of elements (or particles). Reasonable correlation can be
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noticed when comparing them with the incident pulse shapes for the corre-
sponding methods. Nevertheless, softer material of the pulse shapers resulted
in “smoother” rise and fall of the impulse amplitude in comparison to the val-
idation tests (Figs. 9–11). Therefore, the same conclusion as previously arises:
despite different methods of stiffness calculation between interacting bodies, con-
tact force has a direct impact on the shape of an incident pulse.
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Fig. 16. Contact force comparison for different numerical methods.

As it was expected from the previous results showing deformation, a quite
good agreement can be found for all FE three cases. In SPH modelling, it is pos-
sible to observe that a different number of particles resulted in slightly different
characteristics: the rise times differ from each other, what is caused by various
stiffness of the shaper for a different number of particles. In MM-ALE analyses,
it may be observed that the smoothest curve was obtained for the coarsest mesh.

The authors assume that better correlation between experimental and nu-
merical impulses could be obtained with proper material parameters estimated
during dynamic compression testing on the SHPB.

In Fig. 20, chosen impulses from analyses (SPH with 280 particles and the
coarsest FE and MM-ALE mesh) were compared with the experiment. All four
impulses are characterized by nearly the same duration time which, from the
physical point of view, is correct and also shows that the following formula is
satisfied [1–3, 8, 14, 15]:

(5.1) T =
2L

cp
,

where T the impulse duration time, L is the striker length and cp is the elastic
wave propagation velocity in the bar material.
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Fig. 17. Incident impulses obtained in FE shaper modelling and experimental test –
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Fig. 18. Incident impulses obtained in SPH shaper modelling and experimental test –
comparison graph.
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Fig. 20. Incident impulses obtained in three chosen cases from different shaper modelling
methods compared to the experimental test.

It should be noted that despite the different modelling methods a similar
behaviour of the shaper during the simulations was observed, with very small
differences between the generated shape of the impulse and the maximum values
of stress.

It is worth emphasizing the effectiveness of the implemented methods (for the
finest mesh and a larger number or particles). MM-ALE formulation, due to the
complex mathematical background and a large number of elements used, is the
most computationally expensive – the analyses were carried out for 744 min. In
fact, this was also caused by the low value of time step (∆t = 3.71e−9 s), which
was basically dependent on the smallest element length (the smallest element
length equals to ∼0.05 mm in the case with 9120 elements).

For the Lagrangian modelling, the simulation of the shaper ended after
62 min, whereas in SPH it took 11 min. In the first case, a time step varied
due to the large elements deformation as well as contact calculation: the ap-
proximate value equalled to ∆t = 9.65e−9 s. In the meshless analysis, the time
step was approximately 3.5 times greater than in FE simulation, which is clearly
reflected in computational time. Described information is listed in Table 4.

Table 4. Computational cost of the three methods (on the example of chosen
cases).

Time step [s] Computational time [min]

FEM 1368 elements 9.65e−9 ∼62

SPH 1324 particles 2.77e−9 ∼11

MM-ALE 9120 elements 3.71e−9 ∼744
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6. Conclusions

The paper presents the investigations of material testing at high strain rates
and the study of constitutive models implementation under strongly dynamic
simulations. One of the authors’ main aims was also to present numerical mod-
elling of SHPB testing with the principal attention paid to a copper shaper mesh
(particles) sensitivity study with the assessment of its influence on the obtained
incident pulse characteristics. Explicit analyses were carried out using a commer-
cial explicit code with three different techniques used for modelling the shaper:
typical finite element formulation (FEM), meshless smoothed particles hydrody-
namics (SPH) method and multi-material arbitrary Lagrangian–Eulerian (MM-
ALE) formulation. Moreover, the major aspect of the study was to highlight the
importance of a correct contact procedure, which is one of the most essential
parameters in such investigations. As a consequence, the relationship between
the interaction force and the impulse shape was investigated for all cases and
presented in the paper.

It was confirmed that the shape of the elastic wave, which travels through
bars, is directly related to the contact procedure between the simulated bod-
ies. Thus, despite different methods of stiffness calculation between interacting
bodies, contact force has a direct impact on the shape of an incident pulse.
The authors would like to emphasize the fact that defining the contact stiffness
(its parameters) should be carried out very carefully as it can change results
drastically even for the same initial-boundary conditions.

Considering the results it can be stated that the FE mesh density in such
analyses is of minor importance. Despite a different number of elements, the
obtained stress characteristics (impulses) were nearly identical. Nevertheless,
abnormal deformation of the elements within the symmetry boundary was clearly
noticed. This fact indicates that the discrete model of the shaper should be
developed carefully. The number as well as the shape of the elements should
be selected in order to guarantee the accuracy and stability of computations
throughout analysis in which the copper sample becomes largely compressed.

From the SPH modelling the following conclusions can be derived: the method
is vulnerable to the regularity of particles distribution, “dimensions” of a mod-
elled part depends on a number of particles, a different number of particles
resulted in slightly different values of obtained maximum stresses, a bulk vis-
cosity parameter (with a specific SPH formulation) is very important in such
strongly dynamic phenomena, where the continuity of material is of great im-
portance and finally a well-developed model guarantees a very short lasting sim-
ulation.

In FE and SPH case, the contact algorithm applied using soft constraint
option with modified parameters (contact stiffness is based on the nodal masses
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and a global time step size) worked properly and guaranteed the absence of
penetration.

In the most sophisticated of the used methods, i.e., MM-ALE, also reasonable
results were obtained. However, there is a need to spend a lot of time in preparing
and developing the model for analyses. This technique is also computationally
expensive and for such short-lasting simulations of SHPB, time needed to prepare
a model and to “see” the results is disproportionate. Nevertheless, the main
intention of the authors was to present the possibility of various methods which
are possible to be implemented in such phenomena. All three presented methods,
in terms of SHPB numerical testing, have some advantages and disadvantages,
however, all in all, the FE modelling seems to be the most suitable and efficient
method due to its simplicity and universality.

In order to achieve the proper numerical modelling, the authors, in their
future studies, will also extend the investigations by including dynamic exper-
imental tests of copper and other shaper materials for the exact constitutive
parameters obtainment. It is worth noting that the presented study is a part of
wider investigations of finding an ideal shape of an incident pulse for brittle, duc-
tile or soft material. It will result in a possibility to perform experimental tests
under constant strain rate conditions and with stress equilibrium in a specimen.
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