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1. Introduction

Nuclear power plants (NPP), just like any engineering facility, are designed for a certain
working life. Under normal power production conditions the pre-stressed concrete pressure
vessel in an advanced gas-cooled nuclear reactor undergoes a series of thermal and load cycles.
A number of these safety-critical structures are designed to remain leak-tight under internal
CO2 gas pressures of over 4MPa and temperatures of 700oC. If the operation of NPPs is
to be extended beyond their original 40-year design life, then it is necessary to examine the
consequences of ageing on the vessel performance before structural integrity assessments can
be made and safety margins evaluated.
Quanti�cation of ageing e�ects in concrete NPP structures wasthe primary objective of the
recently completed European Framework 5 project M�CENAS [1]. Experimental (creep, load
induced thermal strain and residual tensile properties of concrete following temperature, load
and wetting-drying cycles) and theoretical (coupled thermo-hygro-mechanical model) �ndings
from that study were integrated into a parallel 3D Finite Element code,SIFEL[2]. The measure
of structural ageing adopted here is based on comparisons between two FE simulations in which
the internal pressure in the vessel is increased up to the point where equilibrium can no longer
be satis�ed (to within an out-of-balance force of, say, 10� 3F̂ ). The peak pressure is a measure
of the vessels maximum load-carrying capacity. A preliminarysimulation is performed when
the vessel is in an idealised, newly-constructed, state. This corresponds to the condition just
after pre-stressing, but prior to heat-up. The second simulationfollows a similar incremental
pressurisation, but this time after performing a coupled thermo-hygro-mechanical analysis
to simulate the operational conditions (including full heat-up and pre-planned shut-downs)
over a given service period. This period may re
ect not just a known past history, but also a
hypothesised future life.

2. The Vessel: Mesh and Loads

The speci�c vessel examined in this paper is a 35:6m high, 29m diameter upright cylindrical,
pre-stressed concrete structure with 5m thick walls and numerous perforations. An axisym-
metric mesh [[4]] with 5536 isoparametric elements and 17021 nodes was used (Figure 1).
The vessel is pre-stressed through a series of over 9000 un-bonded tendons wound helically
round the wall. Each tendon sweeps a horizontal angle of just over � radians. The tendons
deliver (i) an axial compression, (ii) a circumferential compression and (iii) a (smaller) radial
compression in the wall. In the model these forces are represented by nodal loads acting on
the top and the bottom of the structure, and further radial andvertical nodal forces acting
on the wall elements. The uniformly distributed, internal gaspressure is represented by nodal
forces acting on the inside surface the vessel as shown in Figure 1.The entire cylindrical vessel
is supported on a neoprene layer which is modelled by a series ofspring elements.
Temperatures, gas pressures and vapour content are de�ned on the internal nodes as Dirichlet
boundary conditions. The boundary value of the vapour content was �xed at 0 and the initial
pore pressure was set at 0:1MPa. External and internal temperatures followed (somewhat
idealised) records measured by arrays of thermocouples in thevessel during operation.
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Figure 1. Axisymmetric mesh and loads

Figure 2. Reactor Vessel Operation: time histories of internal temperature,
internal pressure and prestressing loads.

The histories of internal pressure, pre-stress loads and inner surface temperatures, for 33 years
of operation are shown in Figure 2. The initial part of this curve represents the construction
stage which is simulated by applying gravitational self-weight at time t = 0. The pre-stressing
started at day 1260, with the full pre-stressing load (thelock-o� load of 1900kN ) reached
on day 1460. This load corresponds to a pre-stress load factorlambdaps = 1:183. This force
is assumed to decay with time to� ps = 1:027 after 33:57 years. The tendon relaxation was
calculated from laboratory creep data and �eld measurements.After day 1223, the vessel was
given an internal pressure test up to 4:89MPa (the proof pressure). This magnitude represents
an increase of some 22:5% above the normal internal working pressure of 3:96MPa. The proof
test was carried out over three days, throughout which time radial deformations of the wall and
vertical deformations of the top cap were recorded (see Figure 3). The reactor start-up occurred
on the 2520th day. The full operating pressure of 3:96MPa was reached after 4 days, whereas
the steady-state operating temperature, which varied between 37:2oC and 85:4oC inside the
vessel, was only attained after 2620 days. This start-up sequencewas followed by 674 days of
steady state (at operational pressure and temperature), an outage (where pressure reduced
to zero and temperatures dropped to ambient) and a further 4100-day period at operational
pressures and temperatures.
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3. The Parallel Finite Element Code: SIFEL

SIFELis a 3D NLFE research code for thermo-mechanical, multiphase transport and coupled
thermo-mechanical-multiphase transport analyses. It has beendeveloped at CTU Prague as
a part of the M�CENAS project [3]. It is an object oriented progra m, written in C++, using
message passing interface (MPI) instructions and domain decomposition methods to enable
it to run in parallel on multi-processor computing platforms (typically Beowulf clusters).

Figure 3. Results of Safety Margin Analysis: deformations and damage in
newly constructed andaged vessel (t = 3200days).

The mechanical part of the code,MEFEL, includes the usual family of 1D, 2D and 3D �nite
elements. Material models include: anisotropic elasticity,J2, Mohr-Coulomb, Drucker-Prager
and Boer elasto-plasticity, scalar damage, viscosity and the Ba�zant B3 creep formulation which
can be combined with the above elastic and inelastic models.
The transport part of the code,TRFEL, is equipped with partner 1D, 2D and 3D elements. The
material models for transport analysis (heat and moisture advection and di�usion) include
the Ba�zant formulation (one unknown per node), Kunzel and Pedersen (two unknowns per
node) and the Glasgow M�CENAS and Padova models (three unknowns per node). Coupling
between the two phenomena (mechanical deformation and transport) is achieved through
the METR code. The linearised system of equations is solved either by an iterative Krylov
technique, or a direct method based on Gaussian elimination.
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The simulations presented here were run as follows. The fully coupled moisture transport
(allowing a change of 
uid state) and thermo-mechanical analysis was performed over a 33-
year start-up and representative operation life. The Glasgow transport model and Ba�zant's
B3 creep model were used in this phase of the work. At various keystages in the loading
history, a re-start �le (recording the material state at each material point) was saved to allow
subsequentpressurisation-to-failureanalyses to be performed. The latter were undertaken by
reading the re-start �les and then running MEFEL with the Mazars-type isotropic damage
model.

4. Results and discussion

Figure 3 shows the damage results from the analysis following internal pressurisation of the
vessel after 3200 daysageingtogether with the results from the vessel in itsnewly constructed
(un-aged) state. First, it is evident that under similar internal pressures (13:56MPa and
13:60MPa) the maximum radial (horizontal) displacement of the wall isnearly three times
smaller for theagedvessel (2:3mm versus 6:4mm). Consequently, the damage in both the wall
and the wall-top-cap junction is smaller in the structure thathas undergone several thermal-
pressurisation cycles. This might not be expected, but it can be explained by the relationship
between the pre-stressing forces, the internal pressure and the creep strains acting in the
vessel. The nominal pre-stressing forces (corresponding to� ps = 1) have been designed to
match the design working internal pressure (3:96MPa), so that the inner-surface, mid-height
radial displacements are almost zero. After 3200 days, the pre-stressing forces are slightly
higher (� ps = 1:1) than the long-term relaxed value, resulting in inward bending of the wall
at mid height. A consequence of this is that the creep strains are also inward, creating greater
compression on the external surface of the wall at the start of over-pressurisation. This state
of deformation in
uences the subsequent damage pattern, leading to lower damage in the wall
and in the region where the wall meets the top cap. However, greater damage is seen in the
central part of the top cap of theagedvessel. This damage pattern allows a marginalincrease
in the load capacity compared to the pressure sustainable in thenewly constructedstate
(14:56MPa against 13:6MPa respectively). While these represent just preliminary �ndings,
the analytical framework presented here o�ers nuclear engineers with the means of undertaking
advanced structural integrity assessments. Future work will couple damage to permeability
and incorporate a generalised model for load-induced thermal strains.
Note that the runs presented here were performed on a low-cost 8-processor Beowulf cluster
(4 � 2GHz dual Athlons, with a total of 8Mb RAM). Access to much larger parallel systems
would enable valuable parametric analyses to be performed.
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