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Abstract: Split Hopkinson pressure bar (SHPB) is one of the most important and recognisable apparatus used for characterizing the dy-
namic behaviour of various materials. Incident pulse generated one the incident bar usually have a rectangular shape, which is proper
for some materials but for others is not. Therefore, several methods of shaping the incident pulse are used for obtaining constant strain
rate conditions during tests. Very often pulse shapers made of copper or similar material are implemented due to its softness properties.
In this paper such material was investigated using the FE model of SHPB. Its mechanical behaviour was characterised with and without
copper disc between the striker and incident bar. Numerical simulations were carried out using explicit LS-DYNA code. Two different
methods were used for modelling the copper sample: typical finite Lagrangian elements and meshless Smoothed Particle Hydrodynamics
(SPH) method. As a result of two techniques used axial stress-strain characteristics were compared for three different striker's velocity
with an influence of the copper pulse shaper taking into account. Finally, FE and SPH method was compared with taking into considera-
tion: the efficiency, computer memory and power requirements, complexity of methods and time of simulation.
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1. INTRODUCTION

Hopkinson bar with all its former and actual configurations
is widely used to determine material properties at high strain rates
(Ellwood et al., 1982; Hopkins, 1872). Such investigations, how-
ever, are exposed to longitudinal dispersion produced from indi-
rect effects such as lateral impact of the striker. Also, Pochham-
mer-Chree oscillations (Davies, 1948; Graff, 2004) can occur,
which affect the mechanical behaviour of tested sample. There-
fore, several methods of shaping the pulse on the incident bar are
used, e.g.. by inserting a preloading bar ((Ellwood et al.,
1982;Foley et al., 2010; Franz et al., 1984) or using a pulse shap-
er (Ellwood et al., 1982; Foley et al., 2010; Naghdabadia et al.,
2012), which very often is made of copper or similar material (due
to its softness properties). In addition to the previous methods
a shape of the striker is modified (Cloete et al., 2008; Li et al.,
2005; Seng, 2003), which in fact was the investigation object
of the previous authors’ paper (Baranowski et al., 2013).

It is well known that for different test conditions it is recom-
mended to adjust thickness and diameter of the pulse shaper
(Foley et al., 2010). Also, work-hardening or brittle materials need
different thickness-length proportion of the disc. Moreover,
as presented by other authors (Klepaczko, 2007; Jankowiak et al.,
2011), such effect like friction, apart from others, influences
the proper estimation of material properties using SHPB, due
to the overstress state in the specimen. Authors are aware of such
foundations but the main purpose of the paper is to present the
possibility of two different numerical techniques for characterising
a mechanical behaviour of material with and without copper disc
between the striker and incident bar. In experimental conditions
the use of the pulse shaper is a simple procedure, but for obtain-
ing a constant strain rate conditions during tests many attempts
have to be conducted. This can be easily achieved using numeri-
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cal methods, more particularly finite element method. Also, initial
tests for calibrating the actual SHPB set-up can be performed,
even using literature material properties.

In the paper numerical simulations were carried out using ex-
plicit LS-DYNA code. Two different methods were used for model-
ling the copper sample: typical finite Lagrangian elements and
meshless Smoothed Particle Hydrodynamics (SPH) method,
which is considered by authors as novel in terms of SHPB pulse
shaper modelling. Subsequently, mechanical characteristics of the
material (stress vs. strain curves) were compared for both meth-
ods and, additionally, for three different striker's velocities with an
influence of the copper pulse shaper taking into account. Finally,
FE and SPH method was compared with taking into consideration:
the efficiency, computer memory and power requirements, com-
plexity of methods and time of simulation.

Presented study is the part of wider investigations which are
pointed on finding the optimal shape of incident pulse for a specif-
ic type of material (brittle, ductile or soft). In these studies copper
material plays a major role (is used for the pulse disc), therefore
our attention is also focused on the proper material constitutive
material modelling.

2. SHPB TESTING - OPERATING PRINCIPLE

A typical SHPB test starts with launching a striker using highly
compressed gas , which consequently impacts the incident bar.
This generates the elastic wave (incident wave) which travels
through the bar and then, due to the difference between mechani-
cal impedances of bar and specimen materials, part of the pulse
comes back (reflected wave), whereas the rest of it is transmitted
through the tested specimen. Next, the specimen is compressed
and the wave travels to the transmission bar and generates a so
called transmitted wave (Fig. 1).
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Fig. 1. Wave history route in SHPB
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Based on the above Figure, in addition to the literature
(Ellwood et al., 1982; Hopkins, 1872; Davies, 1948), it can be
stated that pulse duration time increases proportionally with strik-
er's length:

-2 (1)

where: T—-impulse duration time, L - striker length and ¢, - elastic
wave propagation velocity in a bar material

All three signals are sensed by strain gauges which are
placed in the middle of the bars. Then the relationship between
three pulses (transmitted &, incident ¢, and reflected &) can be
described as follows [1,2,5]:

er®=¢t)-&r (1) (2)

According to the conventional one-dimensional SHPB theory,
the nominal strain rate, strain and nominal stress in the specimen
are given by Ellwood et al. (1982); Hopkins (1872) and Foley et al.
(2010y):
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where Co — wave velocity in incident bar, Ls — specimen length,
E - Young modulus, Spo — cross section area of transmitted bar,
Spr — cross section area of specimen, ¢er(t) — reflected strain
history, er(t) — transmitted strain history.

3. NUMERICAL SHPB TESTING

The FE model of the SHPB was based on the actual device
(Fig. 2). It consists of gas gun, striker (d=20 mm, L=150 mm),
copper pulse and shaper (both: d=5 mm, H=3 mm), incident bar
and transmission bar (both: d=20 mm, L=2000 mm).

Numerical analyses were performed using explicit LS-Dyna
solver with central difference scheme and with the implementation
of modified equation of motion time integration (Klepaczko, 2007).
In the carried out analyses the stability of computations was guar-
anteed by Courant-Friedrichs-Lewy (CFL) condition, which can be
described as follows [14]:
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where: ux, Uy, Uz — velocities, At — time step, Ax, Ay, Az — length
intervals, Cmax — varies with the method used (in presented
investigations it was set to Cmax=0.66, which is recommended
for strongly dynamic phenomena).

Fig. 2. Split Hopkinson Pressure Bar device used for the FE model

With the usage of finite element method the numerical model
of SHPB apparatus was developed and validated (Baranowski
etal., 2013). From the carried out simulations the incident impulse
(axial stress) was obtained which was taken from the incident bar
element from the same place, where strain gauge was glued. This
choice of this particular element was dictated by the fact, that
there were no differences between the stress values of the ele-
ments along the cross section area, whereas at the impact side
of the bar these differences were noticed (Saint-Venant's principle
was fully confirmed (Saint-Venant, 1855)). By comparing both
pulses (experimental and numerical) good overall correlation was
noticed: time intervals between incident and reflected impulses as
well as stress values were approximately identical (Fig. 3)
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Fig. 3. Numerical and experimental impulse comparison in SHPB
validation

In order to simplify and shorten computational time, symmetry
of the problem was assumed and only quarter of the 3D model
was taken into consideration. It is known that axially-symmetric
model is less computationally expensive but chosen three-
dimensional model in subsequent investigations will give the
possibility to study additional effects, like dispersion effects
or misalignment impacts occurring in the SHPB.

As mentioned before, copper sample was modelled using FE
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and SPH mesh and for analyses with shaped incident pulse, the
copper disc was described only using Lagrangian elements (Figs.
4-7). Also, dimensions of the sample were the same as in the
pulse shaper (5 mm diameter, 3 mm long).

Initial velocity conditions were applied on the whole striker
volume (all nodes), which values were as follows:

— 1= 30 m/s,
— v2=25m/s,
— v3=20m/s.

At this point it should be also mentioned that proper contact
definition is extremely important in numerical modelling of such
strong dynamic phenomenon. More particular, it directly influ-
ences obtained incident impulse shape, which in fact, have
an impact on the behaviour of a material sample. Thus, for the
purpose of simulations surface to surface and nodes to surface
contact algorithm with soft constraint option was applied, which
guaranteed penetration not to occur (Hallquist, 2003). Generally,
LS-DYNA, apart from the other, uses so called penalty function
(Hallquist, 2003; Vulovic et al., 2007; Baranowski et al., 2012).
Then, afictional elastic element stiffness is added to the basic
dynamic FE equilibrium thanks to the following energetic part:

a(u)=«(Bu-gy ) (Bu-gy ] (7)

where: u - global displacement vector, k - fictional elastic element
stiffness, B — matrix of boundary conditions kinematic, gw — initial
vector between the node and segment in contact.

Material properties for the bars were described with a typical
Hooke’s law elastic constitutive model (with literature steel data)
since the incident and striker bar remain elastic during tests
(Ellwood et al., 1982).

It is well known that the maximum stresses rises with strain
rates, which also influence yielding of a material (Chmielewski at
al., 2004; Janiszewski, 2012) and in presented studies copper
sample, as well as the shaper, deforms in dynamic conditions
where strain rate plays significant role (in the material the viscous
effects are initiated). Thus, in both cases of sample modelling (FE
and SPH) the Johnson-Cook constitutive material model
was utilized (Tab. 1). It provides a prediction of flow stress Orow
for arge strains and high strain rates, where its dependence on
strain rate is linear in semi logarithmic scale (Hallquist, 2003;
Johnson and Cook, 1983):

of,owz[m B(gp)”](1+cme'£) (8)

where A, B, C, n — material constants, e? — effective plastic strain,
£P — effective plastic strain rate.

The Griineisen equation of state was used for describing the
pressure-volume relationship of the copper sample and pulse
shaper with constants taken from literature (Steinberg, 1906)
(Tab. 2). It defines the pressure in compressed materials as
(Hallquist, 2003):

Poczl{lJr(l*y?o]#*%Hz} 9)
p= =+ (7o +au)E

2 3
1= (S, -Yu-8, X -5,
u+l (;1+1)

and for expanded materials as (Hallquist, 2003):

p=poC2u+(yo +au)E (10)
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where C - intercept of the vs-vp curve (shock wave velocity vs.
particle velocity), S1,S2,S3— coefficients of the slope of vs-vp curve,
0 — Grlineisen gamma, a — first order volume correction to o, and

u=plpy-1.

Tab. 1. Properties of copper for J-C model adopted in analyses [20]
A B N C p E L
[MPa] | [MPa] [kg/m3] | [GPa]
92 292 | 0.310 | 0.025 1.09 115 0.33

Tab. 2. Constants required for input in the Griineisen EOS [21]

Co [m/s] S1 S2 S3 Yo
3933 1.5 0 0 1.99

3.1. FE copper sample modelling

In the FE modelling of copper sample fully integrated hexago-
nal elements were used (HEX8). Also, symmetry conditions were
applied and only quarter of the 3D model was taken into consider-
ation. Two analyses were carried out: with and without the copper
shaper (Fig. 4 and Fig. 5). For modelling the sample as well as
pulse shaper large aspect ratio elements were chosen which
guaranteed the accuracy and stability of computations throughout
analysis in which the copper becomes largely compressed.
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Fig. 4. Initial-boundary conditions applied for FE analysis with shaper
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Fig. 5. Initial-boundary conditions applied for FE analysis without shaper

Interaction between striker, bars, copper disc and sample was
described by the surface to surface contact procedure and no
friction was assumed, which in actual conditions is reduced
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as much as possible by adding a lubricate. As stated before three
velocities were used, which resulted in different strain rates during
tests.

3.2. SPH copper sample modelling

Smoothed Particles Hydrodynamics is a mesh-free particle
method with Lagrangian nature, where computational information
including mass and velocity are carried with particles. This method
is mainly used for simulating fluid flows and large deformations
of structures. The main difference between classical methods
and SPH is the absence of a grid. Therefore, those particles are
the framework of the region within the governing equations are
solved (Hallquist, 2003). SPH method uses the concept of kernel
and particle approximation as follows (Hallquist, 2003):

T £(x)= [ (W (x—y.hydy (11

where W - kernel function, which is defined using the function 6
by the relation:

1

(12)
hooe 2

W (x,h) =
where d is the number of space dimensions and h is the so-called
smoothing length which varies in time and in space.

SPH model of the sample (with the same dimensions as pre-
vious) consisted of 468 elements with the average distance be-
tween particles 0.035 mm (Fig. 6, 7). It should be noted that au-
thors used a “cylinder” method for the sample modelling. This
choice was dictated by the fact, that is such strong-dynamic phe-
nomena one of the main conditions for proper analysis is that the
SPH mesh must be as regular as possible and must not contain
too large variations (Hallquist, 2003).

In this case the interaction between SPH sample and bars
was described by the nodes to surface contact procedure. Also,
no friction was assumed and quarter of the model was applied.
Additionally, recommended values of bulk viscosity for SPH for-
mulation were used in presented investigations, i.e. Q1 = 1.5 and
Q2=1..

Identical to the FE case three velocities were used and two
analyses were carried out: with and without the copper shaper
(Fig. 6 and Fig. 7).
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Fig. 6. Initial-boundary conditions applied for SPH analysis with shaper
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Fig. 7. Initial-boundary conditions for SPH analysis without shaper

4. RESULTS

From the performed simulations axial stress versus axial
strain characteristics were obtained for all cases. In order to cre-
ate curves an average value of all elements modelling specimen
was taken into consideration. In Fig. 9, 12 copper sample stress-
strain characteristic is presented for analyses (FE and SPH) with
the shaper for three aforementioned different velocities. In Fig. 10,
13 the same result is presented but without impulse shaping, also
for FE and SPH analysis.

For the FE analyses with shaper maximum axial stress
achieved for vi= 30 m/s, v2= 25 m/s and vs= 20 m/s were approx-
imately 430 MPa, 406 MPa and 374 MPa, respectively. In the
similar analysis (FE sample) but without shaper these values were
as follows: 447 MPa, 418 MPa and 393 MPa. Also, one can see
that by using the pulse shaper the incident pulse, which directly
affects the material behaviour during compression, changes: its
rise time increases and no oscillations can be noticed (Naghda-
badia et al., 2012; Baranowski et al., 2013) (Fig. 8). On the other
hand the decrease of the maximum axial stress in the specimen
is clearly visible. Bearing this in mind and the fact that other au-
thors obtained similar results (Naghdabadia et al., 2012; Jan-
iszewski, 2012; Sankaye, 2011; Wu and Gorham, 1997)
our curves can be regarded as appropriate and reasonable.

In the SPH analyses, also, similar results were obtained
as in the FE case. Inserting the copper pulse shaper caused that
the specimen deformation was reduced, which resulted in de-
crease of maximum axial stress and axial strain. Maximum axial
stress obtained for those analyses were: 400 MPa, 384 MPa, 357
MPa with shaper and 410 MPa, 397 MPa and 376 MPa without
the shaper. Figs. 11, 14 show the comparison graphs for each
method.
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Fig. 8. Exampary incident pulse obtained in the simulation with and
without shaper
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Fig. 10. Stress-strain characteristic for the FE modelling without shaper
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Fig. 12. Stress-strain characteristic for the SPH modelling with shaper
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Fig. 13. Stress-strain characteristic for the SPH modelling without shaper
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Fig. 14. Stress-strain characteristics comparison for the SPH modelling
4.1. FE and SPH method comparison

Figs. 15, 16 present both methods stress-strain curves for the
same initial-boundary conditions. It is clearly seen that the stress
and strain values obtained in SPH analyses are smaller than in FE
modelling. It is caused by the fact that each element formulation
handles deformation, and consequently, stresses in different way
(Hallquist, 2003; Li and Liu, 2002). Differences (max stress val-
ues) between those two methods are listed in Tab.3.

It is worth to mention about the effectiveness of implemented
methods (for the same termination time tens = 0.0009 s and for the
same striker's velocity v=30 m/s). SPH formulation, due to the
complex mathematical background, is much more computationally
expensive — analyses were carried out for 104 min (without shap-
er) and 121 min (with shaper). In fact, it was also caused by the
lower value of timestep, which is basically depended on the dis-
tances between particles (it was calculated as dt = 2.80e ). For
the Lagrangian modelling the simulation (v=30 m/s) without shap-
er ended after 57 min, whereas with shaper after 73 min. In both
cases timestep varied due to the large elements deformation
as well as contact calculation: the approximate value equalled
to dt = 9.72e9. The comparison graph is presented in Fig. 17.
Also, as mentioned before, in order to perform simulations using
SPH technique one of the main conditions for proper analysis is
that the SPH mesh must be as regular as possible and must not
contain too large variations. This indicated that there is a need to
spend more time on developing a desired model.
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Tab. 3. Statistic data (axial maximum stress) of obtained results

Max. axial stress [MPa]

FE modelling SPH modelling

Impact velocity Shaper | No shaper | Shaper | No shaper
30 m/s 430 447 400 410
25m/s 406 418 383 397
20 m/s 374 393 357 376
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Fig. 17. CPU time comparison for all cases

acta mechanica et automatica, vol.7 no.4 (2013), DOI 10.2478/ama-2013-0033

5. CONCLUSIONS

The paper shows the possibility of two different numerical
techniques for characterising a mechanical behaviour of material
with and without copper disc between the striker and incident bar.
For this purpose two available methods in LS-Dyna software were
implemented to model the sample: typical finite element formula-
tion (Lagrangian) and SPH - one of the most popular from mesh-
less methods.

From the carried out analyses stress-strain histories for cop-
per sample were obtained and examined. Simulations with and
without the shaper were performed and two aforementioned
methods were taken into consideration. The influence of copper
disc on obtained results was investigated as well as both methods
were compared with each other. It was proved that stress-strain
characteristics shapes for both techniques are similar to those
presented in available literature (Naghdabadia et al., 2012;
Janiszewski, 2012; Sankaye, 2011; Wu and Gorham, 1997).
Although, it seems that SPH modelling gives underestimated
stress values and this needs to be verified in subsequent analyses
with experimental validation. Moreover, SPH formulation, due to
the complex mathematical background, is much more computa-
tionally expensive. Also it seems that for such short-lasting simu-
lations of SHPB, time needed to prepare model is disproportion-
ate. Nevertheless, in FE modelling of copper sample as well as
shaper a special care must be taken to choose a proper aspect
ratio of elements (min 4). In addition to being largely compressed
they also maintain in contact with the bars so the accuracy
of contact definition as well as stability of computations needs to
be satisfied. Thus, both methods in terms of SHPB numerical
testing have some disadvantages, but all in all the FE modelling
seems to be more suitable for such phenomena. But one can see
that some oscillations in stress-strain curves occur in FE model-
ling. Authors think that the main cause of such phenomena is the
contact procedure, which is different from that used in SPH mod-
elling and where slightly penetration was possible to occur. Also,
in the free particle technique the artificial viscosity was used,
which could also influenced the results.

Authors are aware that obtained stress-strain impulses would
not provide constant strain rates during the tests (Naghdabadia et
al., 2012; Wu and Gorham, 1997). Also, only one copper shaper
was used whereas it is known that for different striker velocities
and material (brittle, plastic etc.) various discs should be used:
with large diameter and small length or vice versa (Naghdabadia
et al,, 2012). Nevertheless, for this part of investigations, which
has the initial character, such results will be the basis for further
testing including different diameter-length ratio studies. Moreover,
as discussed in the previous authors’ paper (Baranowski et al.,
2013), main attention of authors’ tests (with this paper as a part
of them) is to find an ideal incident shape for the specific type
of material using a special shaped striker or the copper shaper
presented here. It is also worth to add that at present authors are
performing experimental testing for validation of computational
analyses and for obtaining the JC material properties of various
materials. Taking into account the fact that both methods of mod-
elling are verified the results obtained in future will be much more
reliable, interesting and helpful in subsequent investigations.
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