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Summary

A programme of experiments is being undertaken in the UK at AEE Winfrith te provide
data for the validation of theoretical methods and material models used in the
calculation of the mechanical response of fast reactor primary containment structures to
transient loadings.

The experimental apparatus uses a gravity drop technique: a weight drives a piston
into a hydraulic fluid transmitting a transient load to a deformable specimen. In an
initial phase of experiments simple specimens have been studied including clamped and
freely supported circular and annular plates, with diameters up to 250 mm. A second
phase includes cylindrical and hemispherical specimens and will lead to more complex
structures.

Experimental results from the initial phase are presented in the form of transient
loadings, strain histories at positions on the specimens and deformation profiles. The
results indicate that good repeatability of pressure loading and specimen deformation is
obtained.

The theoretical methods incorporate material models that represent the
strain-hardening and strain-rate properties of the specimen material. Most metals
exhibit these properties though one aluminium alloy, 6061-T6, is nearly independent of
strain-rate effects. First tests have been performed with specimens fabricated from
6061-T6 to provide a check on the models in the codes without the added complication of
strain-rate dependence. Later tests proceed with specimens fabricated from two types of
steel appropriate to the manufacture of the CDFR primary containment structures.

The EURDYN suite of finite-element codes, evolved at JRC ISPRA, is one of the
calculational tools used in the UK for fast reactor containment safety studies.
Calculations have been performed for a selection of the experiments with emphasis on the
use of EURDYN-1 with conical shell elements. For these experiments measurement and
calculation are in close agreement.

The future direction of the work is discussed including proposals to produce more
impulsive loadings.
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1 INTRODUCTION

A programme of experiments at AEE Winfrith is providing data for the validation of
structural response codes used in fast reactor HCDA loading studies. This work is
complementary to an experimental programme performed at JRC Ispra which was specifically
directed towards the study of subassembly vesponse [1].

A simple rig is used to apply transient loads to a variety of structures relevant to
the CDFR. An initial phase of the prograume is complete in which simple specimens have been
studied including clamped and freely supported circular and annular plates: these structural
elements are particularly relevant to the reactor roof. A second phase includes cylindrical
and hemispherical specimens, relevant to the reactor vessel; results for this phase will be
reported in the future. The programme will lead on to more complicated models of typical
roof and core support structures.

Results are presented for experiments in the first phase and these are compared with
calculations made with the EURDYN code [2] which is being used in the UK for fast reactor

containment response studies.

2 THE EXPERIMENTAL APPARATUS

The experimental apparatus uses a gravity drop technique; a weight drives a piston into
a hydraulic fluid, transmitting a well defined tranmsient load to a specimen. A schematic
diagram of the apparatus is shown in Figure 1.

By changing the components that bolt to the base of the apparatus various specimen
configurations and boundary conditions can be investigated. In the Figure an annular plate
is shown with a simple support at the outer boundary (ie no radial constraint) and a free
condition at the inner boundary. These boundary conditions provide a simplified
representation of those relevant to the study of the CDFR roof. Alternatively, clamped
boundary conditions can be achieved for both circular and annular specimens and, by using
appropriate components, the apparatus will accommodate hemispheres, cylinders and more
complex specimens.

A small prototype apparatus with specimens of about 80 mm diameter was used to develop
and prove the experimental techniques and data from some of these experiments have been used
in the EURDYN validation exercise discussed in this paper. However, the main programme uses

a larger apparatus able to accommodate specimens up to 250 mm diameter.

3 SPECIMEN MATERIALS

Three different materials have been used for the specimens studied in this programme.
Two types of steel relevant to CDFR assessment are of prime interest. A ferritic steel,
relevant to the reactor roof, is used for circular and annular specimens and an austenitic
steel, relevant to the reactor vessel, is used for the fabrication of cylinders and
hemlspheres. Since higher strain-rates are experienced in small scale models compared with
prototypic structures the programme also includes experiments using aluminium alloy

(6061~-T6) whose mechanical properties are nearly independent of strain-rate.
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For the purpose of a code validation exercise it is necessary to characterise the
‘mechanical properties of the materials accurately and a programme of mechanical tests is
being performed on material cut from the manufactured specimens. The fabrication of
composite specimens is performed using electron beam welding to limit the effect of weld
areas on material properties. WMechanical tests for aluminium 6061-T6 have been performed at
two strain-rates, 0.003/s and 3/s; this range covers the strain-rates experienced in the
experiments using 6061-T6 specimens. The results show that the stress=strain data are
invariant over this strain-rate range: an average stress—strain curve deduced from the

measured data is shown in Figure 2.

4 EXPERIMENTAL RESULTS FOR ALUMINIUM SPECIMENS

In the first phase of the experimental programme simple circular and annular plates

fabricated from aluminium were studied. The configurations were:—
(i) a small clamped circular plate, diameter 80 mm
(ii) small and large supported circular plates, diameters 80 and 249 mm

(1ii) small and large supported annular plates, diameters 80 and 249 mm

The measured data include pressure loading histories on the specimen, the specimen
displacement profiles and strain histories at specific positions on the specimen: in later
experiments measurement of displacement histories was also included.

For the first phase of experiments rig parameters were chosen to produce loads leading
to maximum deflections of a few plate thicknesses, a range relevant to the study of reactor
roof deformations. The pressure loading transilents applied to the specimens were measured
using small twin crystal tourmaline transducers spaced radially across the surface of the
specimen. Loadings of a triangular form with peak pressures in the range 0.7 MPa to 10 MPa
and duration 6 to 20 ms were achieved. Typical measured pressures are shown in Figure 3:
this shows twelve transients, four from each of three nominally identical repeat experiments
and illustrates the excellent repeatability and symmetry that is achieved. The random error
on a single peak value including variations within and between experiments, is ¥1.5%.

Final profiles were measured using a rig in which a displacement transducer was
traversed across a diameter of the specimen. A selection of measured profiles is
illustFated in Figure 4. TFigure 4a shows the average profile obtained from five repeat
experiments with 2 small clamped circular plate: the mean pole deflection is 3.4 % 0.2am
(1.4 plate thicknesses). The repeatability achieved with the large apparatus is
illustrated in Figures 4b and ¢ which show the measured final displacements for two circular
plates and three annuli respectively. The mean deflection at the inner edge of the annular
specimen (Figure 4c) derived from three repeat experiments is 8.2 ¥ 0.3 mm (3.3 plate
thicknesses).

Strain histories were measured using 4 mm x 1 mm strain gauges bonded at four radii on
both surfaces of the specimen and orientated in either the radial or circumferential
direction. Measurements at equivalent positions were made to check the symmetry of
deformation of a single specimen. Figure 5 illustrates the consistency of strain histories
measured at the inner edge cn different but nominally identical aluminium annuli (249 mm
diameter). For the plate deflections studied, finzl strains of up to~1.2% occurred: the

estimated error on 2 single measurement at this level of straining is ¥3% relative strain.
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A variety of strain patterns was observed, the mode depending on the specimen geometry
and boundary conditions. Three patterns are illustrated in Figure 6 using the results from
experiments with small specimens. Figure 6a shows the radial strain profile on the lower
surface of a clamped circular plate; straining is fairly constant across the central zone
(1.2%) reducing to zero at r = 30 mm. For this case maximum stress is expected to occur near
the clamp and, though thestrain gauge measurements were too far from the clamp to record
this, a noticeable bending is observed in the specimen in this region. When the specimen is
freely supported the radial strain is minimal at the outer boundary and maximum strains of
about 1% occur at the pole, Figure 6b. With a supported annular specimen the maximum stress
occurs in the hoop direction at the inner edge and the magnitude of the corresponding radial
strain is comparatively small, Figure b6c.

Variations on these straining patterns can be achieved by varying the diameter to

thickness ratio of the specimen and the degree of plate deflection.

5 EURDYN CALCULATIONS

The EURDYN suite of codes has been developed for the calculation of the transient
dynamic response of structures with material non-linearities. The experiments described in
this paper are designed to provide experimental data for the validation of EURDYN and
similar structural response codes. Initial calculations have been performed for some of the
experiments with aluminium specimens and the analysis has so far concentrated on the use of
EURDYN-1 (Release 2) with conical shell elements.

Two examples of the element structures used in the calculations are shown in Figures 7a
and b. Figure 7a shows the element structure for a small clamped circular plate; the
clamped boundary condition is simulated by fixing the outermost nodes in space. Figure 7b
shows the element structure for a large supported circular plate: the supported but sliding
boundary condition is modelled by restricting the penultimate node on the lower surface to
move in the horizontal direction. Scoping calculations showed that the final computed
profiles were insensitive to halving the number of elements shown in Figure 7 and a
comparison of this kind for a small clamped plate is shown in Figure 4a. A second
consideration in choosing the number of elements was the need to resolve strain variations
across the specimen so that comparisions could be made with measured data.

The results of the EURDYN-1 calculations have been compared with the experimental
results for aluminium discs and annuli. A comparison of the calculated and measured maximum
deflections for seven different configurations is made in Table 1 which shows that the mean
discrepancy is +5 t 6%. Examples of the calculated displacement profiles are
illustrated in Figures 4a to 4c; EURDYN-1 is calculating these profiles well. Furthermore,
the code generally produces a good representation of the detailed tramnsient strainings (eg
Figure 5) and calculates most of the final strain levels satisfactorily (eg Figure 6). The
agreement obtained in this exercise enhances confidence in the use of EURDYN-1 for the

analysis of plates under transient loadings.
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6 FURTHER WORK

The first phase of the programme includes tests with ferritic steel plates and
EURDYN-1 calculations for some of these experiments have been performed. However,
measurement of the mechanical data for the steel used is not yet complete and these
calculations have been performed with provisional data. A preliminary comparison of
calculated and measured deflections at the inner edge of an annular steel plate is shown in
Figure 8. The analysis will move on to validate other relevant versions of EURDYN with
particular emphasis on EURDYN-3 using triangular flat plate elements. This version is
presently used in the UK for studies of CDFR roof response to HCDA loads.

HCDA loadings could be of an Impulsive nature, particulary fluid impact loads on the
reactor roof, and to achieve more impulsive loadings with the present type of apparatus a
"vacuum” gun will be used, Figure 9. The drop-weight is contained within an evacuated tube
sealed at each end with a thin diaphragm. By bursting the upper diaphragm a driving force
is imposed on the weight by the atmospheric pressure and higher striking velocities than

presently achieved can be obtained.
7 CONCLUSION

A simple gravity drop apparatus provides well defined transient loadings on deformable
specimens without the complication of shock wave phenomena. The apparatus is able to
accommodate a wide range of structures with geometries and boundary conditions pertinent to
components of the CDFR containment. Careful attention to detail and the achievement of well
defined boundary conditions has provided accurate and repeatable data.

EURDYN-1 calculations have accurately predicted both the final deformation and the
strain and displacement transients for aluminium discs and annuli. The future programme
will extend these comparisons to steel discs, cylinders and hemispheres and then to more
complicated structures.

Though this programme of work is directly relevant to CDFR containment studies the data
obtained refer to simple structures and therefore can also be used to underwrite methods

used in extreme loading and accident studies in other fields.
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Sample Boundary | Deflection | Measured | Calculated

dianmeter Geometry Condition (plate deflection | deflection ax
(am) thickness) (um) (am)
80 circular plate | clamped 1.4 3.420.2 3.5 +3
80 circular plate | supported 1.1 2.8:0.2 3.3 +18
80 annular plate | supported 0.8 2.0£0.2 2.1 +5
249 circular plate | supported 2.7 6.8:0.2 6.8 +0
249 circular plate | supported 1.5 3.2:0.2 3.8 +19
249 annular plate | supported 3.3 8.2:0.2 6.9 -16

A = fCalculated - 1} % 1007
Plate thickness = 2.5 ma Heasured Mean +5¢6

TABLE 1- COMPARISON OF EURDYN-1AND MEASURED
MAXIMUM DEFLECTIONS
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