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ABSTRACT

As part of the IRIS 2012 international benchmark, simulations were conducted to analyse
impacts on reinforced concrete slabs by both rigid and deformable missiles. The analytical results were
compared with physical tests conducted by the Technical Research Center VIT of Finland. In the impact
discussed here, a rigid missile perforates the concrete slab. The missile is a thick steel tube filled with
concrete with a total mass of 47.4 kg and strikes the target at 136 m/s. The target is a 250 mm thick,
reinforced concrete slab that spans 2 m by 2 m and is held in a rigid supporting frame.

Characterisation tests were provided for calibration of the parameters of the concrete models
selected by the participants. Having reproduced those tests, the authors developed models for the slab and
the missile. A damaged plasticity model was used for the concrete and the rebars were explicitly
represented. The results obtained were very satisfactory in respect of the damage patterns caused in the
concrete and the reinforcement; also, the calculated and measured values of the energy spent by the
missile in perforating the slab differed by only 4%.

INTRODUCTION

Numerical simulation is used here to model the effects of missile impacts on reinforced concrete
slabs. The need to analyse this situation arises in many fields, but constitutes a specific requirement
imposed on nuclear facilities. In these impacts the missiles are conveniently classified into rigid and
deformable, depending on their deformability in comparison with that of the target: a turbine rotor sector
can be considered an example of the former, while an aircraft crash is a typical instance of the latter.

The ability to simulate this type of problems is evaluated here by comparing the numerical results
obtained in calculations with the observations produced in physical tests. The reported activities were
carried out in the context of an international benchmark exercise named IRIS 2012, organised by the
OECD/NEA/CSNI Nuclear Energy Agency to continue the work on IRIS 2010 (IRSN, 2011) with the
general object of improving the safety of nuclear facilities and, more specifically, demonstrating the
capabilities of current finite element techniques to reproduce the events triggered by those impacts (CSNI,
2012).

The impact tests performed, which included both rigid and deformable missiles, were conducted
at the Technical Research Center of Finland (VTT, 2010). A number of characterisation tests (such as
uniaxial compression tests, Brazilian tests, and triaxial compression tests at various confining pressures)
were also provided in order to describe the behaviour of the concrete and to allow determining the
parameters of the constitutive models selected by the benchmark participants (IRSN, 2012).

The rest of the paper describes the approach followed by the authors for modelling the impact
tests and developing their contribution to the international benchmark. Although both rigid and
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deformable missile impacts were modelled, for reasons of space the present paper concentrates on the
simulation of punching test P1, in which a rigid missile perforates the concrete slab.

CONCRETE MODEL AND PROPERTIES
Concrete damaged plasticity

When modelling reinforced concrete, one could adopt a single material model to represent both the
mass concrete and the steel reinforcement; this is a reasonable alternative when dealing with moderate
loads, far from the ultimate capacity of the materials, with mainly elastic responses being triggered. At a
greater level of demands, with the concrete cracking and the steel yielding, this is no longer practical and
the two materials must be modelled individually.

For those more demanding situations, the computer code used here, Abaqus (SIMULIA, 2012a),
has a number of models of varying complexity, suitable for modelling the behaviour of mass concrete,
with the reinforcing bars embedded in the concrete. Out of those the concrete damaged plasticity model
was the one adopted for the present calculations.

This model provides a general capability for analysis of concrete structures under monotonic,
cyclic, and/or dynamic loading. It includes a scalar (isotropic) damage model with tensile cracking and
compressive crushing modes. The model accounts for the stiffness degradation mechanisms associated
with the irreversible damage that occurs during the fracturing process.

The constitutive law actually used in the simulations is not exactly that described in SIMULIA
(2012b) as the damaged plasticity model since, as will be explained later, the authors modified it slightly
to achieve a better representation of the response under moderate confinement.

Calibration of the concrete model

A number of tests were provided for calibration of the parameters of the concrete model selected by
the benchmark participants (IRSN, 2012). Also, some parameters were given directly: a density of 2273
kg/m3, a Young’s modulus of 29.7 GPa, and a Poisson’s ratio of 0.223.

Figure 1 presents the results of unconfined and triaxial tests performed at various confining
pressures: 15.5, 26, 47 and 100 MPa, with greater confining pressures leading to a higher peak stress and
less post-peak softening. The strength characteristics can also be observed using Mohr circles (Figure 2),
which indicate that the resulting friction angle is ¢ =30.8°.

The concrete damaged plasticity model uses a non-associated flow potential. The flow potential G
used for this model is the Drucker-Prager hyperbolic function, which neglecting damage can be
approximately expressed as:

G=qg-ptany (1

where ¢ is the von Mises stress, p is the pressure invariant of the stress tensor, and i is the dilation angle.
For triaxial tests the dilation angle can be obtained from:

v —1
anp=>_ P @)
2 1+vp

where v, is the apparent Poisson’s ratio for yielding.

Using the data from the triaxial tests at various confining pressures, the above leads to an average
dilation angle of 30°. For high confining pressures the yield condition for undamaged concrete tends to be
defined by:
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Figure 1. Uniaxial unconfined and tri-axial tests.
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where « is related to the ratio of the biaxial stress, o, to the uniaxial stress, o, through
op l-a
e )
o, 1-2a

And oy, 1s the maximum principal stress (compression being negative), and y is defined by
_30-K¢)
C 2K, -1 )
where K. is a material parameter between 0.5 and 1.0; a value of 0.75 is assumed here.
It can also be shown that & can be expressed as a function of the friction angle ¢:

o 3K+ Kcosing+sing -3 6)
6K, +sing—2K,.sinp—3

This leads to oo = 0.117 and the ratio of the biaxial to the uniaxial compressive stresses is 1.15. On
the other hand, going back to equation (3), if the effects of the effective compressive cohesion stress o
are not neglected, the actual yield condition can be expressed as:

F=q=3ap+yomax +0c(&p) (7

Using the above equation (/= 0), Figure 3 presents the compressive cohesion stress that results for
the five reference tests supplied. For a good reproduction of the data, the compressive cohesion stress was
taken to be a function not only of the equivalent plastic strain but also of the maximum principal stress.
This was accomplished with a user subroutine.

The Brazilian tests indicated that the tensile strength of the concrete is about 4 MPa. No fracture
energy was provided, but it is typically 40 N/m for a concrete with 20 MPa compressive strength and 120
N/m for one with 40 MPa. Extrapolating to 69 MPa, the fracture energy would be 228 N/m, which is the
value adopted here; however, this parameter has relatively little influence on the results. Finally, the strain
rate effects did not appear be very significant and were disregarded.

Having determined all the parameters of the concrete constitutive model, the various calibration
tests were reproduced to ensure consistency. Figure 4 plots the results of the simulations (solid lines)
together with the experimental data (dots). Although some deviations appear at the higher confining
pressures, this constitutive representation was considered sufficient and hence adopted for simulating the
effects of the punching and bending tests.

THE PUNCHING TEST
Description

Only the more significant aspects will be described here, additional details are provided by VIT
(2010). In the punching test the missile is intended to be much less deformable than the target.
Consequently it is made of thick steel tube filled with concrete (Figure 5); the nominal mass of the missile
was 50 kg, but its actual mass was 47.4 kg and this is the mass used in the calculation. Three tests were
conducted with similar missile velocities; in the one simulated here the measured velocity was 136 m/s.

The slab spans 2 m by 2 m and is held in a rigid supporting frame; the slab thickness is 250 mm
(see Figure 6). Only longitudinal reinforcement was provided, no transverse reinforcement was present;
the reinforcement quantity was 8.7 cm?*/m in each direction, consisting of 10 mm diameter bars at 90 mm
spacing. The average yield stress of the steel was 540 MPa and its tensile strength was 605.3 MPa with an
ultimate elongation of 18.7%.
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Figure 4. Comparison between tests and concrete material model.
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Figure 6. Geometry and supports of the wall in the bending test.
Finite Element Model

The quarter symmetry of the test was incorporated into the model; its geometry appears in Figure
7a. The reinforcing bars were included, as seen in Figure 7b. Based on that geometry a finite element
model was constructed, a detail of which appears in Figure 7c. As a matter of interest the same model was
used successfully to simulate the effects of impacts by deformable missiles which are not discussed in the
present paper.

To avoid excessive and unrealistic distortions, elements are removed from the mesh when their
equivalent plastic strain reaches 0.3; in reality their stiffness contribution is already negligible after about
0.13, but it is prudent to avoid premature deletion. Deletion was triggered by a state variable, updated in a
user subroutine. For the reinforcing steel, an elastoplastic model was used with the properties supplied by
the organisers.

The coefficient of friction was taken to be 0.3 at all contact interfaces. Apart from the contact
between external surfaces, interactions with internal ones were also taken into account.

The deformability of the missile is small compared with that of the target, but the calculations were
repeated with both a rigid missile and one with its actual mechanical properties. It was verified though
that this additional sophistication only affects the details of the momentum transfer in the initial phase of
the impact.

Results

Under the conditions of the punching test the missile clearly perforates the slab. Using a rigid
missile, the results 10 ms after the onset of impact appear in Figure 8; the large displacements in the back
face of a seemingly solid wall should not be taken literally, they simply evince the delay in deleting
concrete elements when the steel reinforcement at the back face is losing its concrete cover.

An outer view of the distribution of crushing strains appears in Figure 9. The outer concrete cover
is being lost in some areas.
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Figure 7. Geometry, rebars and mesh of the punching model.

The calculated and observed cracked zones can be visually compared in Figure 10. Although of a
qualitative nature, this comparison indicates that the cracking configurations and extents are very realistic,
in both the front and back faces of the slab.

The effects on the reinforcement are shown in Figure 11. The yielding of rebars is fairly localised
in the front face and less so in the back face; large deformations and failure of rebars occurs as the missile
perforates the concrete slab.

The kinetic energy of the emerging missile affords a very relevant comparison between the
simulation and test results. The energy dissipated in the test while perforating the concrete wall was 408
kJ, while that determined by the calculations was 358 kJ. This approximation is considered very
reasonable, particularly when taking into account that the materials have been assumed to go suddenly to

zero stress at the end of the stress-strain curves provided as reference; any elongation of those curves, or a
more gradual decrease towards zero, would lead to a somewhat greater dissipation of energy during the
perforation process.

Additionally, a conversion from finite element to smoothed particle hydrodynamic methods (SPH)
was also activated. SPH is a fully Lagrangian modelling scheme proposed by Gingold and Monaghan
(1977) that allows discretising a prescribed set of continuum equations by interpolating the properties
directly at a discrete set of points distributed over the solution domain without the need to define a spatial
mesh. In the present analysis each conventional brick element is automatically converted to eight SPH

particles when the equivalent plastic strain reaches 0.2. The resulting deformed configuration with
contours of equivalent plastic strains at 10 ms is shown in Figure 12. The energy of the missile dissipated
during perforation of the concrete slab is now 394 kJ, only 4% away from the measured 408 kJ.

The peak contact force between the missile and the slab obtained during the simulation was 20.78
MN. This value is expected to be greater than the actual one when the impactor is assumed to be rigid. To
evaluate the influence of this simplification the calculations were repeated using a deformable missile.
The deformed mesh and crushing strains are presented in Figure 13. Also, the kinetic energy of the

missile is provided in Figure 14. It can be concluded that the assumption of rigid missile does influence
the time evolution of the contact force, but the final outcome remains essentially unaffected; this is
because the problem is controlled by the total impulse transferred, which is similar in both cases, only the
rate of transfer is being affected.

Based on the foregoing, it was concluded that the concrete model adopted and the calibrated
material parameters allowed performing a very realistic simulation of the punching test and its effects on

the slab. Also, the conversion to SPH after the initial phases led to an improved prediction of the
response.
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Figure 12. Crushing strains during the punching test with SPH conversion.
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CONCLUSION

A number of activities have been carried out within the framework of the IRIS 2012 international
benchmark, dealing with the simulation of impacts on reinforced concrete slabs. The concrete damaged
plasticity model was slightly modified to improve reproduction of the characterisation tests, used to
calibrate the parameters of the model. Having done this, the two benchmark tests were simulated: a soft
missile impact (named the bending test) and a rigid one (punching test). The present paper only dealt with
the simulation of the latter, leading to the following conclusions:

a) The damaged plasticity model in Abaqus proved to be very adequate for describing the

concrete behaviour observed both in the characterisation tests and in the impact tests.

b) The modification introduced in the damaged plasticity model, making the compressive

cohesion stress to depend also on the maximum signed principal stress, was also successful.
¢) The model used is considered to be particularly suitable for primarily impulsive situations,

such as contemplated in IRIS 2012, in which the concrete is subjected to an essentially

monotonic loading path and the subsequent unloading and reloading is less important.

d) The conversion to smoothed particle hydrodynamics (SPH), activated as an alternative

strategy for rerunning the punching test, improved the prediction of energy dissipation.
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