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Bundesanstalt fiir Materialforschung und -priifung (BAM), D-12200 Berlin, Germany

SUMMARY

BAM as the German competent authority for design testing of transport and storage packages
for radioactive materials performed design tests (representing a handling accident inside a
repository) with a cubic container made of ferritic ductile cast iron (DCI) with outer dimen-
sions of 2.0 m x 1.7 m x 1.6 m, a wall thickness of 150 mm and a maximum gross weight
of 20 Mg.

Current results of very extensive experimental and numerical stress analyses for a drop from
5 m height flat onto a real target without additional impact limiters are presented. The
investigated real target consists of a concrete slab put onto the 1000 Mg IAEA target with a
layer of wet sand in between. Several drop tests with a fully instrumented prototype container
have shown a highly dynamic behaviour of the container structure with maximum stresses up
to the yield stress (Droste et al. 1992). The detailed strain measurement data are compared
with numerical finite element stress calculations. The experimental and numerical analyses
show a contact duration of approximately 5 ms. The deformation of the container is mainly
characterized by bending respectively bending vibrations of the container walls. Highest
demands on the cubic container structure were found in the vicinity of inner comners and
edges, in the middle of the walls and especially of the container bottom plate.

INTRODUCTION

The cubic container design for transport, interim storage and final disposal of non-heat-
generating nuclear waste may be advantageous because of the maximum utilisation of the
available space in the storage and disposal facilities. Depending on the level of radioactivity
of the waste products different requirements are defined for the packages, which have to be
fulfilled under normal and accident conditions. The requirements from the three fields of
operation are defined by the IAEA regulations for transport, by the technical acceptance
criteria for the German interim storage facilities and by the preliminary requirements for the
German Konrad repository, a former iron ore mine which is currently in the licensing
process.
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Recently BAM performed design tests and safety analysis for a cubic ferritic ductile cast iron
(DCI) container with outer dimensions of 2.0 m x 1.7 m x 1.6 m, 150 mm wall thickness, a
structural net mass of approximately 18.3 Mg and a maximum gross weight of 20 Mg (Figure
1). This container of the Konrad Type VI has to withstand a drop from the highest stacking
position in the repository. Tests with different drop heights and positions were done.

For more detailed and precise drop test analyses BAM has developed special finite element
modelling (FEM). The numerical procedure gives the dynamic stresses and strains in the
container structure as a result of the violent impact and accounts for the complex behaviour
of the real target. The calculation results are compared with representative strain measure-
ment data from drop tests with an original prototype container. The development of improved
analysis techniques is carried out in a research programme where the use of ductile cast iron
melted with contaminated scrap metal from the decommissioning of nuclear installations as
container material is investigated. The more detailed stress analysis is required because the
scrap metal additions influence negatively the mechanical properties of such containers what
requires a more stringent safety assessment.

DROP TESTS

Extensive investigations by BAM have demonstrated that a 5 m drop flat onto the real
ground of the Konrad repository represents the most critical accident scenario concerning
integrity and tightness of such Type VI containers, if they have to fulfil the stronger Konrad
Class II requirements for containers with higher activity limits (Brennecke 1995, Martens
1995). Because no shock absorbers are provided inside the Konrad repository, the 5 m drop
normally leads to higher decelerations and impact stresses of the container structure com-
pared with the IAEA test scenario for shipping casks equipped with well designed impact
limiters.

BAM performed two extensive drop test series in the years 1991 and 1993, a final low
temperature test in 1995 (Droste et al. 1992, Droste et al. 1994, Vilzke et al. 1995). First of
all, the results of the measurements in 1991 showed relatively high tractional strain at some
measuring points nearby the edges and in the middle of the walls. Further the signals gave
rise to the suspicion that during and after impact the global deformation of the container is
bending of its walls so that still higher values could be expected in the middle of the walls
and in the concave moulds between the container walls, which were not instrumented in the
first test series. A corresponding instrumentation of the container in the second test series
confirmed this suspicion: the main deformation is bending and the critical loaded locations
on the container are the concave moulds between the side walls and in the centre of the
bottom plate. In the first location positive (tractional) strain reached up to 2600 pm/m. In the
centre of the bottom plate it reached up to 1500 pm/m.

Finally a drop test was performed at a material temperature of -20°C with a prototype
container prepared with artificial flaw-like defects in the above mentioned highest stressed
areas. Also under such extreme conditions preservation of integrity and tightness was
generally demonstrated (Volzke et al. 1995) but additional visual inspection after the drop
test showed, in some cases, limited crack extension at the tips of the artificial flaw-like
defects; this has to be evaluated carefully giving consideration to local material properties.
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The first test series was performed with a complete, maximum-loaded container. The second
test series was performed with an empty container without a protection lid. For compensation
of the lower impact energy in this case, the drop height was increased to 5.59 m. The
duration of the primary impact was always about 5 ms, and the decelerations reached up to
1300 g (1 g = 9.81 ms?). The target was damaged very little with a penetration of only a few
millimetres into the concrete slab and some small cracks within the impact area. The
maximum stresses of the container structure caused slight deformation, but greater deforma-
tion or damage never occurred. The maximum dynamic strain rates reached 7 s™'.

NUMERICAL ANALYSIS

While strain gauge measurements are only possible at discrete positions, a numerical
simulation shows all stress and strain components including their rate of change all over the
cask structure. The precise modelling of the target is as important as an adequate modelling
of the container structure: both are of great influence on the calculation results. For verifica-
tion of the results from such numerical calculations a comparison to representative test data
is essential. Finally, the results from both the experimental and the numerical investigations
can lead to a complete understanding of the very complex mechanical container behaviour.

The numerically investigated accident scenario is the 5.59 m drop flat onto a real target
representing the ground of the repository. The drop test configuration is shown in Figure 2.
The target consists of a reinforced and steel-framed concrete slab put onto the 1000 Mg
IAEA target. Both are coupled by a wet sand layer in between. Figure 3 shows a finite
element model of a quarter segment of this test configuration. The drop height is prescribed
by the initial velocity of the container. Solid 8-node elements with reduced integration and
hour-glass control are used. For the container material an elastic material model (Young's
modulus E = 162 500 MPa, Poisson's ratio v = 0.29, mass density p = 7000 kg/m’) is used
(Frenz 1993). The container body, the lid, the concrete slab, the sand layer and the IAEA
target are connected with each other by contact elements without friction. The bolts were
modelled as springs attached to the lid and the container body. All dynamic calculations were
done using ABAQUS/Explicit.

At first, the accuracy and convergence of the container model was analysed by varying the
number of elements over the wall thickness. For this purpose, contrary to Figure 3, an
unyielding target was modelled with only two-dimensional rigid surface elements. The
analysis of strains in the centre of the bottom plate (inside surface) shows that the period of
oscillations in the calculated strain history curves is influenced by the finite element mesh.
Therefore, the superposition of propagating stress waves in the container structure due to the
impact event is slightly model dependent. It was found that at least three elements over the
wall thickness should be used to describe the plate bending vibrations.

TARGET MODEL

The target model determines the accuracy of the calculation results. The energy transfer to
the foundation is essential for the remaining energy in the container. An oversimplified
description of the real target as a rigid one leads to strain amplitudes twice as high because
the full impact energy remains in the container. Additionally, the bending of the bottom plate
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wotld be supported by a real foundation. A better model is an elastic-plastic half space
which enables the propagation of stress waves in connection with energy transfer to the
foundation. Because this simplest real target model is different from the given impact
situation the amplitudes of the calculated strains are still higher than the measured ones. The
measured impact duration of approximately 5 ms is also not reproduced by the calculation
results. It is thus obvious that modelling of the drop test target has to consider more realistic
structural and material data.

In the test configuration of BAM, according to Figure 2, the container hits on a concrete slab
which is modelled as a linear Drucker-Prager material with a uniaxial compression yield
stress of 45 MPa and a friction angle of 66°. The elasticity in conjunction with this model is
defined by the parameters E = 37000 MPa and v = 0.21 and the mass density is 2340 kg/m’
(Bonzel 1988). The steel plate of the IAEA target is considered as an elastic half space
meshed with solid elements surrounded by infinite elements (E = 210000 MPa, v = 0.3, p =
8000 kg/m’® ). Between concrete slab and IAEA target there is a layer of wet sand (p = 2000
kg/m’). In separate compression experiments ('Odometer’ experiments) its stiffness modulus
E of 106 MPa was measured, which can be expressed by a modulus of elasticity of 79 MPa
for an assumed Poisson's ratio of 0.3. More details of the calculations are described else-
where by Volzke et al. 1997.

CALCULATION RESULTS

The highest stresses of the cubic container structure were found in the vicinity of inner
comers and edges, in the middle of the walls and especially of the container bottom plate.
Calculated and measured strain history curves from the centre of the bottom plate (inside
surface) using the above described structural and material data are shown in Figure 4. These
graphs represent bending strains superimposed by high-frequency stress wave effects. The
impact energy is partially transferred to the foundation. The calculated strain history curves
show good agreement with the measured impact duration of nearly 5 ms (BAM 1996), but
the magnitude of the oscillations is still too high. The beginning of the experimental graph
depends on an initial angle (< 1°) between container bottom plate and target because the drop
test attitude was not ideally flat. The calculated irreversible penetration of about 0.3 mm into
the concrete slab and the maximum vertical elastic displacement of the container bottom plate
of about 10 mm are confirmed by deceleration measurements and visual inspection from the
drop tests. Inelastic effects were found only in the vicinity of contact surfaces (far away from
infinite elements).

Until now the material damping of the ductile cast iron was neglected, which can be included
by an additional 'damping stress' proportional to the strain rate and the material's current
elastic stiffness. The damping factor B, = 2-§, /0, can be expressed in terms of a fraction &,
of critical damping for a particular frequency w, of vibration (HKS 1995). Because the same
damping factor is effectively applied to all the modes in an element, a chosen value of B, =
10 %s/n reduces frequencies of 1 kHz by 1 % and frequencies of 10 kHz by 10 %. Consider-
ing such realistic material damping, the calculated strain histories are in general good agree-
ment with the experimental results (Figure 5). The maximum stresses are 300 MPa.
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Our investigations into the numerical simulation of such strong and highly dynamic impact
scenarios demonstrated that only realistic modelling of the real structural and material
characteristics will lead to sufficient agreement with results from real drop tests.

CONCLUSIONS

The complex mechanical behaviour under the most critical accident scenarios of cubic ferritic
ductile cast iron containers for transport, storage and disposal of non-heat-generating radioac-
tive waste has been investigated by BAM.

The development of detailed and precise numerical drop test analyses needs special finite
element modelling of container and target for accurate numerical calculation of container
stresses as a result of the violent impact of containers without impact limiters. The container
model must include plate bending effects and the damping behaviour of the structure. For the
investigated test configuration different simplified target models (rigid surface, elastic-plastic
half space) were tested, but only a realistic modelling of the real structural and material
characteristics leads to sufficient agreement with results from real drop tests.
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Figure 1. DCI container of the Konrad Type VI and real target
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Figure 3. Finite element model of a quarter segment of the test configuration
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Figure 4. Calculated strain history (without consideration of damping) in the centre
of the container bottom plate compared with the test result
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Figure 5. Calculated strain history with damping effects in the centre of the container
bottom plate compared with the test result




