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1 INTRODUCTION

The design of structures, nuclear or otherwise, against external impact considers a
variety of causes: tornado missiles, plant-generated missiles, aircraft crash, etc. In
practice, containment performance requirements during application of postulated
design load-time histories are imposed more as a means of ensuring a certain degree
of general robustness of the structure, than as a need to withstand the consequences of
very specific events.

Whatever the justification of the design loading, from the point of view of the
designer of a reinforced concrete shell, the shell must be able to sustain successfully
the application of such load. Calculational procedures must therefore represent
reinforced concrete behaviour in a way that permits demonstrating the acceptability of
the response to the load imposed.

Acceptable responses vary with the project. For example, in cases of double
containment, as is the one considered here, it seems reasonable to accept the formation
of small fragments such as those arising from fracture of the reinforcing bars concrete
cover. However, the shell displacements should be limited to preclude direct load
transfer from the outer to the inner shell and large scale fractures or formation of
large secondary missiles should be prevented. These requirements would clearly
become insufficient in a single-containment situation.

The rest of this paper presents a problem of external impact on a double-
containment shell and the modelling strategy selected for solving it, including both the
constitutive representation and numerical analysis aspects.

2 DESCRIPTION OF THE PROBLEM

The problem considered here is that of an external impact occurring on the outer shell
of a reinforced concrete double containment structure. The impact is assumed to result
in a uniform pressure acting on a 7m? circle. The time history of the resulting force
applied can be seen in Figure 1.

The outer containment is a right circular cylindrical shell capped by a hemispherical
one. The cylindrical portion has a height of 28.8m and an outside radius of 24.95m,
which is also obviously the outside radius of the hemispherical shell. The thickness is
0.80m throughout, except in the lower 8m of the cylinder where it doubles to 1.60m.
Concrete cover over the mid-surface of bending reinforcement is 0.10m. The gap
between the inner and outer shells is 1.40m. The postulated impact can in principle
take place on either the spherical or the cylindrical part of the shell.
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As mentioned, the shell is made of reinforced concrete. The mass concrete has a
uniaxial compressive strength of 35MPa. Further details of its behaviour and
idealisation are given in the next section.

The shell includes both bending and shear reinforcement. The density of bending
reinforcement is 24.6cm?/m in the meridional and hoop directions for both the
cylindrical and the spherical shells. It is placed in ¢28 bars of high-tension steel
BS1100 with a uniaxial tensile strength of 1080MPa. The density of shear
reinforcement is 84.8cm?/m? also in both shells. Shear reinforcement is made of ¢26
bars of normal Feb 44K steel with a uniaxial tensile strength of 440MPa.

The bulk density of the reinforced concrete in the shells can be taken as 2450kg/m‘°’.

3 IDEALISATION OF THE MATERIALS

The steel is relatively easy to idealise. Reinforced concrete is modelled using a
segregated approach, in which the mass concrete is modelled as solid elements and the
reinforcing bars are represented explicitly by means of bar elements attached to the
mass concrete nodes. Thus, maximum generality of behaviour is allowed for concrete
and steel without limitations being imposed by the compromise of a combined
representation.

Bending reinforcement steel is modelled as an elastic ideally plastic solid with a
Young’s modulus of 210GPa, yield strength of 1080MPa and an ultimate strain of
2.5%. Bars are assumed to break as they reach that limit. Shear reinforcement steel is
given identical behaviour except for the yield strength which in this case is limited to
440MPa.

Mass concrete is far more difficult and uncertain to represent. Here, an elastic non-
ideally plastic model was chosen, supplemented with tensile cracking and compressive
crushing criteria. Concrete was assumed to behave elastically up to a Drucker-Prager
conical yield surface in principal stress space. Once stresses reach initial yield, the
vield surface will be allowed to expand up to a fracture limit. The growth is governed
by an isotropic hardening rule in such way that the uniaxial stress-strain law of Figure
2 is recovered. As can be seen in the figure, the Young’s modulus is 34GPa, initial
yield takes place at 17MPa and a parabolic hardening branch leads to a failure surface,
which is reached at 35MPa in uniaxial compression. The flow rule is non-associative,
as yielding is assumed to occur without volume change. Final rupture of the material
is assumed to take place when strains reach 0.005. Poisson’s ratio was taken to be 0.17.

The above methodology gives a linear relationship between deviatoric stress at yield
and pressure, which is approximately correct within the ranges of the variables
activated in the problem considered. A second consequence is that the intersection of
yield surfaces with hydrostatic planes are circular. This is slightly incorrect, as
uniaxial and multiaxial states at the same pressure do not lead to identical deviatoric
yield stresses. The value of the stress at fracture has been selected to fall between the
data from both types of tests.

Two additional complexities are included in the concrete model. Firstly, a crushing
limit is imposed at a pressure of 76MPa. Second, a tensile cracking criterion is
activated whenever a principal stress reaches the value of 3.5MPa.

The foregoing paragraphs result in two different failure behaviours, depending on
how that failure was produced:

a) Rupture, which eliminates all strength of the material, except for stress states of
hydrostatic compression. The material is no longer able to sustain deviatoric or tensile
stresses. Rupture is caused by reaching either the crushing limit or uniaxial strains of
0.005.

b) Cracking, which cancels the tensile strength. The material is still able to sustain
compression and shear under compression; this is achieved by setting to zero all tensile
principal stresses. Cracking occurs when the tensile limit in an element is reached by
any of the principal stresses.
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4 VERIFICATION OF THE MATERIAL MODEL

With the objective of testing the validity of the proposed model for representing the
dynamic behaviour of reinforced concrete structures, the first task undertaken was
that of reproducing the experimental results of Emrich et al (1982). In their
experiments, a simply-supported reinforced concrete beam was impacted by a servo-
hydraulic actuator and a number of variables were monitored, such as impact force,
displacements, reaction forces and accelerations.

The simulations conducted led to the conclusion that the mathematical model
described in the previous section was adequate for the type of modelling undertaken.
As an example, Figures 3 and 4 present comparisons of our calculations and the
published experimental results for the impact force and the peak displacement. They
constitute a representative sample of the results which cannot be given here in more
detail for the sake of brevity.

5 BOUNDARY CONDITIONS

The impact on the spherical part of the shell is considered to occur on its apex, thus
preserving the axial symmetry of the problem. Although a more restricted model
would probably be sufficient, the decision was made to model the complete
hemisphere. As two-dimensional analyses are relatively inexpensive, this approach was
considered sufficient. Fixed boundary conditions were taken for the bottom of the
hemisphere (its contact with the cylinder) but, at that distance, they have no effect on
the local deformations.

The problem of distance to, and type of, boundary conditions is more serious in the
three-dimensional case in which the impact takes place at mid-height of the thin part
of the cylinder, ie: its centre is located 10.4m below the bottom of the spherical cap. It
seems acceptable to have displacements restrained at the top and bottom due to the
stiffening effects of the spherical cap and double-thickness wall, respectively. The
problem then presents quarter symmetry. It also appears reasonable not to extend the
mesh in the circumferential direction farther than in the meridional one, as bending
takes place in the former along arches rather than straight generators and there is also
the containing effect of the top and bottom planes. But two problems remain. One is
finding out the magnitude of the displacements resulting from global motions of the
structure (not fixed at the top of the cylinder), which are neglected in the previous
assumptions. The second is the type of boundary of the model in the ring direction:
what movements should be prevented there and their influence.

In order to solve those problems, preliminary calculations were run with SAPIV
(Bathe et al, 1974) using shell elements. Static and dynamic linear analyses were run
for both the total structure and for the part to be modelled later in a three-
dimensional non-linear analysis. Figure 5 presents an isometric view of the deformed
mesh in one of those analyses.

Several conclusions were reached from the linear analyses. Firstly, the peak
displacement of the load centre for hinged boundary conditions in the local model is
only 3.2cm in the static case and 5.9cm in the dynamic one. These displacements
become S5.3cm and 7.4cm, respectively, when the global model of the complete
structure is analysed. Hence, no large addition to the displacements arising from local
effects can be expected from the global motion of the structure.

Second, rotations at the boundaries in the ring direction at 10.8m from the load
centre play a minor role; but the displacements in the hoop direction at those
boundaries do have a significant effect on the arching action and on the peak
displacements. While displacements only grow from 3.1 to 3.2cm from clamped to
hinged conditions, the release of the boundary in the hoop direction increases the
displacement to 9.0cm.
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Based on those results, the conservative decision was made of allowing free rotations
at the boundaries while preventing displacements normal to it. In the final runs with
solid modelling, this was achieved by fixing only the nodes along the centreline of the
vertical boundary.

6 IMPACT ON THE SPHERICAL SHELL

The impact on the apex of the spherical cap was analysed with PR2D (Principia, 1986)
under conditions of axial symmetry. The programs PR2D/3D are explicit integration,
finite difference Lagrangian codes. They utilise the mixed discretisation procedure
developed by Marti and Cundall (1982) and improved by Goicolea (1985). They are
specially suited for non-linear dynamic calculations and have been used often for
analysing external impact (for example, Marti et al, 1982; 1983).

The loading and material behaviour were those mentioned earlier in the paper. The
mesh can be seen in Figure 6. It has 1782 nodes and 3152 triangular elements (the
figure shows pairs of triangles as quadrilaterals).

As can be seen, 8 pairs of triangles have been placed across the thickness; this allows
having a pair of triangles representing the concrete cover of the reinforcement on each
face and six other pairs for the inner concrete.

Peak displacements occur at 60msec; they are magnified ten-fold in Figure 7. The
large deformations of the lower elements correspond to tensile cracking of the lower
concrete cover. Maximum vertical deflections are about 9.5cm. Although the results
are not shown here, concrete failure also occurs in the outer region which is located
directly under the load. Bending reinforcement reaches yield, but not failure, in both
reinforcement surfaces.

As a consequence, and on the basis of the criteria proposed at the beginning of the
paper, it can be stated that the impact on the spherical shell is successfully resisted.
Only very minor fragments can form, as the reinforcement retains integrity, and peak
deflections remain very far from reaching the inner containment.

7 IMPACT ON THE CYLINDRICAL SHELL

The impact at mid-height in the thinner part of the cylindrical shell was studied with
PR3D (Principia, 1986), which is the three-dimensional version of the program
mentioned in the previous section. The problem admits quarter symmetry, an
advantage which is used to decrease the cost of the calculations.

The loading and material behaviour were those mentioned earlier in the paper. The
mesh can be seen in Figure 8. It has 2646 nodes and 12000 tetrahedral elements (the
figure shows hexahedrons, each formed by six tetrahedrons).

As can be seen, only 5 hexahedrons have been placed across the shell thickness. This
is insufficient to represent the reinforcement concrete cover with a layer of elements.
Hence, bending reinforcement bars run here along the outer surfaces of the shell, the
thickness of which has been decreased by one concrete cover (10cm) in order to avoid
unconservative modelling in bending.

The boundary conditions at symmetry planes simply forced nodes on those planes to
remain on them. As justified earlier, other boundaries were simply supported (hinged).

The peak displacements no longer occur at the end of the loading history, but at
about 35msec. The presence of this peak is confirmed in the elastic analyses of the
full structure and is therefore unrelated to the size of the three-dimensional model
selected. The displacement history of the two extreme nodes under the load axis
appears in Figure 9. The peak displacement is about 8.5cm. The mesh displacements,
amplified 20 times, are shown in Figure 10.

Although not many more results can be presented here, it is worth including a
reference to other conclusions reached in the analysis. Only two hexahedral zones have
ruptured due to crushing. Maximum strains in the reinforcement bars do not exceed
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0.006, and bars outside the loaded area do not attain the plastic limit. Therefore, no
reinforcement bars rupture, as the limit was set at a strain of 0.025.

On the other hand, cracking is more extensive, covering the bottom two layers of
hexahedra (28cm thickness beyond the concrete cover) below all the loaded area on the
inside of the shell. Some cracking also occurs at the region of negative moments (at
about 5Sm from the axis of the load in the ring direction), but this time on the outer
part of the shell, and limited to a thin surface layer.

The displacement histories of points along the axis of the load are very similar to
those obtained in the elastic analysis, the main difference being a greater initial non-
linear deflection (8.5cm maximum versus 6cm for the linear case). Hence it may be
concluded that non-linearities account only for 2.5cm of additional displacement. The
qualitative behaviour after 35ms of the structure is elastic and remains similar in both
linear and non-linear situations.

§ SUMMARY AND CONCLUSIONS

Analyses have been conducted to determine the response of the outer shell of a
double-containment structure to a postulated external impact. The calculations have
included 3-D elastic shell, 2-D axisymmetric non-linear and full 3-D non-linear
studies.

Concrete behaviour under extreme loads remains the area of greatest uncertainty and
difficulty. For the present analyses, an elasto-plastic constitutive model with hardening
and pressure dependence was implemented. Various failure criteria were also used for
tensile cracking, compressional crushing and deviatoric failure. A segregated approach,
were bending and shear reinforcement bars were explictly modelled, was utilised.

Once more, explicit integration in a Lagrangian frame proved a robust procedure for
non-linear dynamic calculations.

The results showed that peak displacements did not reach 0.lm and hence remain far
from bridging the gap to the inner contaninment shell.

Localised compressional crushing occurs, as does tensile cracking of the concrete
with the probable formation in the latter of small secondary missiles. Yielding of
reinforcing bars occurs but none of them rupture.

In summary, the shell will sustain successfully the postulated external impact, as its
consequences remain within the limits of acceptability for a double-containment
structure.
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Fig. 1 Time history of the resultant of the impact force.
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Fig. 2 Stress-strain curve for uniaxial compression of mass concrete.
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Fig. 5 Hundred-fold magnification of static displacements,
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Fig. 7 Ten-fold magnification of displacements at 60msec.
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Fig. 8 Mesh used in the horizontal impact analysis.
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Fig. 9 Displacement histories of two outer nodes on the load axis.

Fig. 10 Twenty-fold magnification of displacements at 35msec.
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