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High speed loading of concrete constructions
with transformation of eroded mass into the

SPH

Jifi Kala, and Martin Husek

Abstract—The paper describes some negative aspects of high
speed loading simulations by using the finite elements method. A
simple terminal ballistics experiment illustrates the issue. It consists
in a collision of a high speed flying fragment with a concrete target.
Penetration and spalling of the concrete target surface are considered
as main characteristics of the failure. A large elements deformation in
the simulations causes numerical problems such as elements locking,
negative volumes formation and increased computational time. These
negative simulations aspects can be removed by using some
numerical tools such as elements erosion and eroded mass
transformation into smoothed particle hydrodynamics. The both
numerical tools are explained and their connection with a material
model physical nature as well as their application in the simulation
are described afterwards. The results show the functionality of these
tools in the end of the paper.

Keywords—High-speed impact, nonlinear constitutive model,
numerical erosion, smoothed particle hydrodynamics.

I. INTRODUCTION

N the modern world, the use of concrete as a construction

material is very popular. As a result, variants of material
models are being developed which can deal with the issues
that arise as well as possible [1]-[4].

In the case of high-speed processes which take place at the
millisecond level, there are different requirements for material
models [5]-[9]. Consideration of the loading rate is often of
key importance for the attainment of results which correspond
to reality [10], [11]. Material models have thus become very
complex and often need a great quantity of input data so that
the calculation can be carried out. As a result, they are
becoming user unfriendly due to the fact that long series of
experimental measurements are needed to obtain input data
before the simulation itself can be carried out. On the other
hand, material models which contain algorithms generating
input data on the basis of very little information are becoming
highly popular. In the systems which are most commonly used
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for the simulation of high-speed nonlinear dynamic events,
such as LS-DYNA [1] or AUTODYN [12], material models
are available which enable such algorithms to be employed.

A very popular material model for high speed impact
simulations is the HIC (Holmquist-Johnson-Cook) model [1],
[13], [14] — one of a group of nonlinear material models of
concrete that enable the effect of strain rate on the state of
stress to be taken into account. It is intended for the simulation
of processes taking place over short intervals of time. The
model is primarily intended for the modelling of concrete
structures subject to great deformation, high strain rate and
high compression.

In many studies concerning the issues raised by the
penetration, fragmentation and perforation of concrete
structures [15]-[19], the numerical erosion of elements is not
handled at all, or is only dealt with to a very limited degree,
even though it is always used in simulations. The sensitivity of
test results is strongly dependent [12] on the choice of erosion
criterion [20]. Even though correlative relationships between
the energy of the projectile and the parameters of the concrete
structure can be used in several cases [21], [22] and thus the
results of a simulation or experiment can be predicted, the
estimate will always be very rough and it will only distinguish
the degree of damage — penetration or perforation. It is
therefore undeniably advantageous to use numerical
simulations. In order that the results of numerical simulations
are usable and can serve other purposes, they have to be
supported by an experiment [23]-[27] or simulation
techniques have to be used which will suppress false
dependence, such as the aforementioned problem with
dependence on the choice of numerical erosion.

After the execution of an experiment, the same results can
easily be achieved by numerical simulations by simply setting
[28], [29] (for example) the criteria for the erosion of elements
to a suitable value [30], [31]. However, if the simulation was
conducted before the experiment, and the finite element
method (FEM) simulation was used because of its advantages,
other extensions would have to be used which would suppress
artificial numerical dependences of (for example) the mesh
sensitivity or element erosion type.

Even though good agreement with experiments can be
achieved by using a different hydrocode than FEM for the
simulation of penetration and perforation [32], [33], and by
doing so avoid the appearance of negative properties due to
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false dependence on the final element mesh, other problems
can arise in many cases, one example being mesh-free
methods [34]-[36]. However, if several computational
methods could be effectively combined, the strong points of
both of them could be utilized.

II. THE EROSION PROBLEM

The element erosion function, while not a material property
or physics-based phenomenon, provides a useful means of
simulating the spalling of concrete and provides a more
realistic graphical representation of actual impact events.
Erosion is characterized by the physical separation of the
eroded solid element from the rest of the mesh [37]. Though
element removal (erosion) associated with total element
failure has the appearance of physical material erosion, it is, in
fact, a numerical technique used to permit the extension of the
computation. Without numerical erosion, severely crushed
elements in Lagrangian calculations would drive to a very
small time step, resulting in the use of many computational
cycles with a negligible advance in the simulation time.
Moreover, Lagrangian elements which have become very
distorted have a tendency to “lock up,” thereby inducing
unrealistic distortions in the computational mesh [38]. The
erosion function allows the removal of such Lagrangian cells
from the calculation if a predefined criterion is reached. When
a cell is removed from the calculation process, the mass within
the cell can either be discarded or distributed to the corner
nodes of the cell. If the mass is retained, the conservation and
spatial continuity of inertia are maintained.

However, the compressive strength and internal energy of
the material within the cell are lost whether the mass is
retained or not. Even though the filtering out of unsuitable
(unneeded) elements is more a matter for numerical
simulations, it can be connected (to a certain degree) with the
physical matter of the material model.

A. Residual Compressive Strength with SPH

The moment at which an element of the Lagrangian mesh
erodes is in conflict with what happens in real life, however.
In reality, the material does not cease to exist but is only
crushed and flakes off — see Fig. 1.

Fig. 1. Schematic diagrams showing from the left: penetration, scabbing and
perforation of concrete slabs struck by “hard” missiles.

Even though one cannot speak about the strength of the
material as such, the particles and wedge-shaped fragments
that fly off can create secondary or residual strength. In order
to better approximate reality, it is advantageous to maintain
the presence of even such particles in the simulation. This can
be done via the transformation of eroded elements into SPH
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(Smoothed Particle Hydrodynamics) particles. Subsequently,
these freely moving particles with the characteristics of the
original materials will interact with the rest of the
computational model and thus better reflect reality.

III. THE HJC MATERIAL MODEL

Under shock wave compression, plastic deformation and
crack-induced damage should be taken into account in the
modelling of concrete behaviour. A constitutive law
combining pressure-dependent plastic hardening, damage-
softening and the strain rate effect, especially suited for the
prediction of concrete response under dynamic loading such as
blasts and impacts [39], was developed by Holmquist et al.
[13]. In this constitutive law the normalised equivalent stress
is defined as

= [A(1 — D) + BP*M][1 + CIn(¢)] < Spax (1)

where o¢* =0/f, and P*=P/f/ are the normalised
equivalent stress and pressure, with ¢ and f, being the actual
equivalent stress and the quasi-static uniaxial compressive
strength, respectively. Scalar damage D is a value from 0 to 1
that describes the accumulation of damage as a percentage of
the full cohesive strength that the material possesses. When
D =0, the material is undamaged and exhibits its full
strength, but at D =1 the material is fully damaged and
retains the least confined shear strength. £€* = €/¢, is the
dimensionless strain rate, where € and &, are the actual and
reference strain rates, respectively. The material constants are
A,B,C,N and S,,,,, where A is the normalized cohesive
strength, B is the normalized pressure hardening coefficient, C
is the strain rate coefficient, N is the pressure hardening
exponent and S, is the normalized maximum strength that
can be developed.

The model accumulates damage from both equivalent
plastic strain Ag, and plastic volumetric strain Ap,. The
compression damage is expressed as

D= ) B Tom

where D; and D, are material constants; T* = T/f; is the
normalised maximum tensile hydrostatic pressure that the
material can withstand, and T is the maximum tensile
hydrostatic pressure.

The equation of state (EOS linear elastic region, transition
region and compact region) is expressed as follows [13], [14]
for loading
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where u=p/py—1 is the standard volumetric strain;
Kerastic = Perusn/Uerusn 18 the elastic bulk modulus; p and
po are the current and initial densities, respectively; pepysn and
Wiock are the crushing and locking volumetric strains, respec-
tively; P.usn  and Py, are the crushing and locking
pressures; and K;,K, and K; are pressure constants — see
Fig. 2. The modified volumetric strain fz is defined as

“

The tensile pressure is limited to T(1 — D) during numerical
calculations.

ﬁ = (‘Ll - ”lock)/(l + ”lOCk)

A. Implementation of Erosion

The HJC material model offers the implementation of
element erosion on the basis of the size of the damage
strength, D;. The damage strength, D, is defined in
compression when P* > 0 as

Ds = f! min[Sy,q,; A(1 — D) + BP*N] [1 + C In(€")]
)
or in tension if P* < 0, as
P .
D; = f! max|0;A(1—-D)—A (?)] [1+ ClIn(e9)]
(6)
The element erodes at the moment when its damage

strength Dg falls below 0. From the physical point of view the
implementation of such an algorithm is justified [1].
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Fig. 2. Graphical representation of the HIC material model [13].

B. Transformation of Eroded Elements

If the above-mentioned problem with eroded matter and its
dissipation were not solved, in extreme cases results might be
gained which appear not to make sense. An example of this
can be found in Fig. 3, where a concrete specimen impacts a
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rigid base at high speed. At the moment when the specimen
comes into contact with the base, it starts to be crushed. The
kinetic energy of the specimen transforms into plastic
deformations of its body, and the specimen thus starts to slow
down. Fig. 3 compares the progression of the impact of the
specimen when its numerical description does not enable
erosion of the elements (on the left), and when it does enable
such erosion (in the middle). It is obvious that the results are
significantly different in the final stage. The top surface of the
specimen with element erosion almost falls onto the base,
while the top part of the specimen without such erosion
remains at half its original height.

NO EROSION EROSION

EROSION + SPH

Fig. 3. Phases of the impact of a concrete specimen. From the left: model
variant with no erosion, with erosion and with erosion and adaptive
transformations into SPH.
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Fig. 4. Mass of the specimen through the simulation.

Even though the assumption was introduced that the only
elements which will be eliminated from the calculation are
those that would be in the stage of full failure from the
perspective of the material model, and therefore would not
influence the further course of the simulation significantly, it
is obvious from the results that such a simple implementation
of numerical erosion is inadequate, even if it is linked to the
material model.

The third variant of the sample in Fig. 3 (on the right)
includes the adaptive transformation of eroded elements into
SPH particles. These particles have assumed the material
properties of the eroded elements, and their weight and speed,
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but also their stress state, etc. More information on SPH can
be found in [40].

It can be concluded from the results that the described
residual strength appears thanks to SPH particles. This
strength is represented by the interaction of SPH particles with
the rest of the numerical model and simultaneously with one
another. The variant of the model with SPH particles then
corresponds well with the original model where erosion was
not included. Mass of the specimen through the simulation is
shown in Fig. 4.

IV. THE EXPERIMENT AND SIMULATION

In 2002 J. Buchar et al. [41] performed an experiment with
projectiles defined by the NATO STANAG 2920 standard,
which they shot at speeds of 300 — 1400 ms™' into concrete
targets with the dimensions 0.1 x 0.1 x 0.1 m and a strength in
compression of 43.1 MPa. The mass of the projectiles was
1.102 g. A good correlation was then found between the
performed experiments and the theory applied according to
[42].

NO EROSION EROSION + SPH

EROSION

Fig. 5. Phases of the penetration of a concrete block. From the left: model
variant with no erosion, with erosion and with erosion and adaptive
transformations into SPH.

The results of the numerical simulation of the experiment
are presented in graphical form in Fig. 5. The image shows the
stages of penetration of a projectile with an impact speed of
500 ms™'. Once again, on the left, there is the numerical model
without element erosion, in the middle there is the model with
erosion and on the right there is the model which also
contained the transformation of eroded elements into SPH
particles. The size of the crater in the final stage of penetration
(i.e. the quantity of eroded elements) increased exponentially
with the growing impact speed of the projectile. This was
echoed by the considerably greater depth of penetration for
model with erosion in contrast with the model without erosion
and the model with SPH particles.
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However, this is not in accordance with the experiment. The
area of the measured data is marked in gray in Fig. 6. At
higher speeds it is thus unacceptable to choose the permitted
numerical erosion function without further investigation with
regard to the fact that the penetration depth increases
excessively with increasing projectile impact speed.

The model without the erosion of elements approximates
the measured data well. However, due to the large degree to
which the elements deform, and the very small time steps
resulting from this, the time required for the calculations grew
uncontrollably.

experiment [J. Buchar]

penetration [mm]

HIC - no erosion
HIC — erosion
HIC — erosion + SPH
300 550
impact speed [ms™]

600 700

Fig. 6. Results of the experiment in comparison with numerical simulations.

The model in which the elements can transform into SPH
particles also approximates the measured data well. Thanks to
the erosion, it eliminates deformed elements and additionally
provides a great deal of information about the behaviour of
fragmenting particles of the model.

The SPH particles are present in the computational model
right from the beginning of the simulation — they are inside the
FEM elements, but inactive. The activation of the particles
takes place at the moment when the erosion of the element
commences, that is at Dg < 0.

Fig. 7 shows the stages of penetration by a projectile with
an impact speed of 500 ms”'. The picture also shows the
gradual activation of the SPH particles. The interaction
between the SPH particles and the still non-eroded elements is
mediated by SPH particles inside the elements which are on
the outer surface [1]. The number of active particles during the
simulation with the projectile impact speed of 500 ms™ is
shown in Fig. 8.

time
0,06 ms

time
0,03 ms

time
0,01 ms

Fig. 7. Phases of the activation of SPH. Dark gray — inactive particles, white —
active particles. Speed of the projectile: 500 ms™.
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V. CONCLUSION

The contribution describes a simple experiment from the
scientific field of terminal ballistics. It lists possible negative
aspects of numerical simulations and simultaneously proposes
a solution to these problems which consists in the numerical
erosion of FEM elements and the subsequent preservation of
their matter in the form of its adaptive transformation into
SPH particles.

The implementation of numerical erosion in simulations can
provide a useful tool for the removal of excessively deformed
elements which can not only cause the extreme prolongation
of the calculation but also its undesired locking, known as
element locking. As matter and internal energy can be lost
simply by implementing this numerical erosion, which can
lead to the production of incorrect results, such dissipations
have to be prevented. A suitable solution is therefore to use
the adaptive transformation of eroded elements into SPH
particles. These new particles assume the properties of
elements which have eroded and subsequently create a certain
residual strength due to their interaction with the surroundings,
but in the sense of already damaged (i.e. loose) material.
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Fig. 8. Amount of active SPH particles through the simulation. Speed of the
projectile: 500 ms™.
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