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Introduction

As part of the European Fusion Technology Programme, activities are carried out on the
Helium Cooled Pebble Bed (HCPB) blanket concept of the DEMOnstration fusion reactor.
These activities are based on the use of ceramic breeder materials and beryllium neutron
multiplier in the form of pebble beds. The design of such components requires the use of
simulation tools to predict the thermomechanical behaviour of these granular systems.
The current HCPB Design consists of shallow ceramic breeder and beryllium beds separated
by stiffening and cooling plates. High stresses and strains are expected with this design
because of the mechanical interaction between the beds and the surrounding steel structure
due to their different thermal expansions.
A modified Drucker Prager model implemented in the FE code ABAQUS is used to describe
thebehaviourofbothgranulates[l].Thistheo 'isabletomodelfrictionalmaterialslikesolls
or other granular materials, which exhibit pressure dependent yield. A so called cap is added
to the classical Drucker-Prager-model, which allows the inelastic hardening mechanism to
accouift for plastic compaction.

Experiments

Experimental research has shown that pebble beds have highly nonlinear mechanical
behaviour 3], which is mainly caused by the variation of the bed stiffness during loading and
unloading (figures I and 2.
During the first compressive loading, the material is strongly compacted at low pressure level.
Increasing the compression stress leads to an increase in deformation and the material
becomes denser, which causes a decrease in the compaction rate. At very high loading the
strain tends to reach an asymptotic value.
The unloading stress-strain relationship is also nonlinear as can be seen in figure 2 (left). A
part of the deformation remains irreversible during unloading.
The pebble bed materials additionally show a creep behaviour at high temperatures.

3-

Figure 1: Experimental setup of the oedometric test (left) and 2D test right) 3].
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Figure 2 Stress - strain relations of the oedometric test (left) and 2D test (right)

(orthosilicate) 3].

Another important phenomenon of beryllium pebble beds is the change of thermal

conductivity with increasing deformation. This is caused by the increase in contact areas

during loading and experiments have been performed at FZK to measure this phenomenon

[3].

Drucker-Prager model

The macroscopic mechanical behaviour of pebble beds is described by a Drucker-Prager

model combined with a nonlinear elasticity law proposed by Coube 4].

The elasticity model is based on the experimental observation that pebble bed materials show

nonlinear behaviour during unloading. Therefore, the Young's modulus is proposed to be a

function of two stress invariants, the Von Mises-stress q and the hydrostatic pressure p:

2E = A, l+V q2 + 3 _ V) 2 + EO

3

Here, E. is the residual Young's modulus after complete unloading. A,, and s are material

parameters and the poisson's ratio is given by v.

The plastic behaviour is described by a so called Drucker-Prager-Cap model. This theory

assumes that elastic behaviour occurs for as long as the stress state lies within a yield surface.

Figure 3 shows a representation of the yield surface in the p-q plane. The surface consists of a

linear Drucker-Prager shear failure surface F a transition surface Ft and a cap F, The

pressure dependent shear failure segment Fs takes into account that the material is able to

withstand higher shear loadings as the pressure increases. It is a perfectly plastic yield surface

and o hardening is possible. The cap has an elliptical shape and is added to model pressure

dependent yield. Its position is represented by the hydrostatic compression yield stress Pb. Ft is

introduced to provide a smooth transition between both surfaces and the parameters d, P, R a

and K are used to define the shape of the yield surface. A detailed description of all

parameters can be found in [I].
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The model includes an inelastic hardening and softening mechanisms to represent plastic
compaction. These mechanisms are given by a function that relates the hydrostatic
compression yield stress pb and volumetric inelastic strain (figure 4.
The model allows for two possible creep mechanisms (cohesion and consolidation creep)
activated in different loading regions (figure 5). Consolidation creep only occurs if > In

that case the effective creep pressure P-" is given by

- or

P P PI, (2)

ABAQUS allows the use of time hardening and strain hardening as creep laws. In our case the
strain hardening form has been used I

Cr )n [M (A (P, (3)

Here, e' is the volumetric creep strain A and n are positive material parameters and
< M 0.

q1 transition
surface, Ft

shear failure, F, -----------------------------------------------
/N
I O(d + p,, tan,8)

d + p,, tanfl

cap, F.,

P.: P

R(d + p,, tan,8)

Figure 3 p-q plane of the modified Drucker-Prager-Cap model.
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Figure 4: Evolution ofpb as a function of the volumetric inelastic strains EV'01 (left), cap
hardening and softening mechanism (right).
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Figure 5: Creep mechanisms.

Oedometric test

The non-linear elasticity model and hardening parameters have been calibrated by comparing
the computed data with the oedometric test 3].
The obtained values are used later for the volumetric heating example. Two different loading
histories have been studied. The first one consists of a loading ramp of one second followed
by an unloading phase of the same duration. The second loading history includes an additional
period of one day where the force is held constant as seen in figure 6 The influence of wall
friction is neglected in these simulations.
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Figure 6 Simulation of the oedometric test.

The comparison of the numerical simulation and the experimental data 3] is presented in
figure 7 The agreement between calculated and measured data during the compression phase
is acceptable. Releasing the load causes numerical problems and the model is unable to
represent complete unloading.
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Figure 7 Uniaxial stress versus uniaxial strain for the oedometric test (ceramic breeder
material). Comparison of experiment and numerical result.

Several simulations have been performed in order to study the influence of different creep
parameters (equation 3. It can be seen that those parameters don't effect the loading curve.
The magnitude of creep strain depends strongly on m. Additionally, plastic unloading occurs.
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This phenomenon can be easily understood by examining the Drucker-Prager surface in the p-
q plane. During unloading, the stress point hits the shear failure line (figure 9, additionally
causing material softening according to figure 4 The evolution of the creep strain and of the
effective creep pressure are presented in figures IO and 1 1. The creep pressure (equation 2)
declines continuously during the creep phase. This causes the creep strain to reach a saturation
level.
The cap form influenced by the cap parameter K is of particular importance for the creep
evolution. If the cap has a very slander shape, the stress point moves during loading along the
shear failure line. In this case, the effective creep pressure is very small or zero and the creep
mechanism is inactive. An expanded shape of the cap ellipse results in considerable effective
creep pressures and considerable creep strains (figure 12).
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Figure 8: Uiaxial stress versus uniaxial strain for various creep parameters m.
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Figure 9 Evolution of stress during loading and unloading
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Figure 10: Evolution of creep strain.
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Figure 1 1: Evolution of the effective creep pressure.
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Figure 12: Comparison of different cap shapes.

Simple application

As part of the qualification of the existing thennomechanical soil model for the ceramic
breeder, a simplified geometry of a single breeder bed under thermal load is calculated. Figure
13 shows geometry, loading (volumetric heating) and boundary conditions applied to the D
plain strain model.
When examining the results obtained from simulations, it is noted that:

• The maximum pressure of 03 MPa is obtained as can be seen in figure 14. It is also
noted that the minimum pressure value obtained at the wall is half of that at the center
of the Pebble bed.

• The variation in the Von Mises, stress is much smaller than that of the hydrostatic
pressure (figure 15).

• Plasticity leads to a hydrostatic pressure yield stress of 0.6 Mpa (figure 16)
• Very small creep strains occur (figure 17).

adiabatic 500 C
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Figure 13: Geometry, boundary conditions (top) and then-nal loading of the simplified
breeder bed (bottom).
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Figure 14: Hydrostatic pressure p (section A-A).

0.2 -

0.1 -

0.16 -

0.14 -

70.12 -

0.1

0.0 -

0.06 -

0.04 -

0.02 -

01
0 2 4 6 8 10

Y [mm]
Figure 15: Von Mises stress q (section A-A).
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Figure 16: Hydrostatic pressure yield stress (section A-A).
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Figure 17: Magnitude of creep strain (section A-A).

Conclusions

A continuum model commonly used in soil mechanics analysis is compiled by use of a finite
element software and has been used to simulate the thermoniechanical behaviour of pebble
beds. The Drucker-Prager Cap theory accounts for inelastic volume change, cap hardening,
nonlinear elasticity and pressure dependent shear failure. The hardening mechanism allows
for defining the hydrostatic pressure yield stress as a function of the volumetric inelastic
strain.
Volumetric creep is considered in order to simulate the pebble bed behaviour at high
temperatures. Here, the strain hardening option has been used for the consolidation creep
mechanism.
The model has been calibrated using the fitting curves of the oedometric test given by
Reimann et al. 3]. The fitted data has been used to calculate a pebble bed with simplified
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boundary conditions loaded by nonuniform volumetric heating. This calculation
demonstrated tat the model is capable of representing creep behaviour under volumetric
heating conditions.
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7. Session 6 - Blanket Design Interface Issues
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