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Introduction

With respect to the high priority of the integrity of containments for meeting safety

requirements in nuclear power plants the qualification of the methods, procedures and

inspections used for the assessment of integrity and leak tightness is of special

importance. Main objective of the investigations described in the following is to further

develop the structure mechanics analysis methods for the assessment of the integrity

of pre-stressed concrete vessels making use of already performed large scale

experiments. Especially the predictive capabilities of the analysis methods with respect

to the simulation of the deformation behaviour of concrete structures with inclusion of

pre-stressing and rebar arrangement as well as the estimation of leak rates shall be

improved.

Large scale tests of the failure behaviour of a 14 scaled pre-stressed concrete

containment vessel were performed at Sandia National Laboratories (Albuquerque,

New Mexico) in the years 2000 and 2001. Fig. I gives a schematic view of the

containment model, which includes a thin metallic liner at the inner surface. A view of

the completed model before the start of the experiments is shown in Fig. 2.

In combination with the tests calculations were carried out by several institutions. After

completion of the tests the International Standard Problem (ISP) No. 48, supported by

CSNHAGE' working group, was defined to perform an international comparative study

on the present state of analysis methods used for the assessment of prestressed

concrete containments concerning load-carrying capacity. Especially the failure

1 CSNHAGE: Committee on the Safety of Nuclear Installations - Integrity of Components and Structures
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behaviour in the steel liner and the concrete are of interest. GIRS participates in ISP 48.

In the following preliminary analysis results are summarized.

Basis of the standard problem is the so-called limit state test [11 which was finished

with an internal pressure of 13 MPa (about 33 times design pressure). At this

pressure the leak rate through leaks in the steel liner and the concrete was higher than

the amount which could be compensated by the nitrogen supply system.

GIRS - Finite-Element-Model

First an axisymmetric model of the 14 containment vessel was developed to simulate

the structural behaviour without consideration of geometric inhomogenities due to

penetrations in the wall. Fig. 3 shows the analysis model and its main components.The

steel liner at the inner surface and the concrete parts are made of 8-node isoparametric

elements with 4 integration points, while the rebar and tendon parts are modelled as

truss elements (with 3 nodes for the meridional and radial ones and one node for those

in hoop direction). At the present stage a stiff coupling between steel and concrete is

simulated. Dimensions and material data are taken from 1].

For the liner and the rebar elements elastic-plastic material models with multi-linear

stress-strain curves are used (see Fig. 4 The behaviour of the tendons is simulated

by a nonlinear-elastic material model (also shown in Fig. 4 The end points of the

curves correspond with the uniaxial rupture strains of the materials. As the rebar and

tendon elements behave primarily uniaxial the end values of the curves in Fig. 4 may

be used directly for the assessment of rebar and tendon elements. In the case of the

liner a reduction by the stress multiaxiality has to be taken into account. The concrete

material model includes the formation of micro-cracks for tensile stresses exceeding a

critical value as well as crushing for high compressive stresses. Fig. shows

schematically the uniaxial stress-strain curve used in the model. Tables to 4 show

the material data used as input for the Finite-Element-Calculations. For the calculations

the Finite-Element-Prograrn ADINA 21 was used.

The prestressing of the tendons is simulated by initial strains in the respective truss-

elements. The containment model is loaded by increasing internal pressure.
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Analysis results

In the calculations small increments are used for the increase of the internal pressure

(totally about 1200 time steps). Despite of this, convergence problems arise and above

about 1.0 MPa internal pressure the calculation is performed without equilibrium

iterations. As discussed in 3 the error caused by such a proceeding may be

neglected.

Some typical results are presented in the Figs. 6 to 19.

Figs. 6 to 9 show the deformation of the omplete model for different values of internal

pressure.

The development of circumferential micro-cracks in the cylindrical part of the model is

presented in Fig. 10. Only a small pressure increment (about 0.01 MPa) is necessary

to get from only a few micro-cracks to a situation with micro-cracks at all integration

points through the wall at the section shown in Fig. IO. The formation of radial mcro-

cracks in the cylinder starts at a higher pressure level (about 09 MPa as shown in Fig.

1 1). Above 1. 1 MPa also meridional micro-cracks are found.

Figs. 12 to 19 give a few examples of comparisons between calculation and

measurement, especially displacements and strains of the liner, the rebars, the

tendons and the concrete at typical locations in the cylindrical part of the model.

While Figs. 12 and 13 present the radial displacement at the inner surface of the liner,

Fig. 14 shows the vertical displacement at the transition of cylindrical part to dome. The

other figures show comparisons of the strain from measurement and calculation for the

liner (Figs. 15 and 16) a hoop rebar (Fig. 17) a hoop tendon (Figs. 18) and the

concrete (Fig. 19).

For pressure loading up to 06 MPa (about 1.5 times design pressure) the calculated

results of displacements and strain in the liner, the rebars, the tendons and the

concrete agree very well with measured data. Major differences between experiment

and analysis are found in the pressure region of about 06 to 074 MPa. In this pressure

region the deviations may be due to a too stiff coupling of concrete and steel in our

Finite-Element-Model, which will be investigated by further studies.
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In the pressure region 074 to 075 MPa the formation of micro-cracks predominantly in

circumferential direction is calculated.

For the pressure region 075 to 1.0 MPa mostly a good coincidence of calculation and

measurement is found. Above 1.0 MPa plastification starts in the hoop rebars and

again larger differences between experiment and calculation are found. At maximum

load 1.3 MPa) hoop tendon strains of nearly 1 % are found, which is about 30% of the

uniaxial rupture strain. The maximum strain values in the rebars and the liner range

below M Thus a larger difference to the uniaxial rupture strain is found in this case.

The deformation behaviour of the dome part of the containment is not simulated very

well with the axisymmetric model. This is partly due to the fact that the model can not

provide an adequate modelling of the hairpin tendons in the upper dome part.

Furthermore the formation of micro-cracks and the post-cracking stiffening behaviour

have influence on the vertical deformation of the dome. Further investigations are in

progress.

Summary

An axisymmetric Finite-Element-Model of the 14 pre-stressed containment model

tested at SANDIA was developed. The model is loaded by the pre-stressing of the

tendons and by increasing internal pressure (up to 13 MPa).

The analyses results in terms of displacements and strains in the liner, the rebars, the

tendons and the concrete of the cylindrical part agree well with measured data up to

about 06 MPa internal pressure (i.e. 1.5 times design pressure). First circumferential

micro-cracks in the concrete are found at about 075 MPa. With increasing pressure

micro-cracks are present through the whole wall. Above about 09 MPa the formation of

micro-cracks in radial and meridional direction is calculated. At the maximum load 1.3

MPa) almost all concrete parts of the model have micro-cracks which may cause leaks.

Nevertheless the failure of the containment model is not expected for loads up to 13

MPa without consideration of geometric inhomogenities due to penetrations in the wall.

Although the calculated strains in liner, rebars and tendons show some plastification,

the maximum values are below the critical ones. The safety margin against failure is

smallest in some hoop tendons.
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At present parametric studies are performed to investigate the differences between

calculations and measured data. Furthermore three-dimensional models are developed

for a better simulation of the meridional tendons in the dome region. Fig. 20 shows a

model representing a 90'-section of the containment. To simulate the wall penetrations

in the containment model additional three-dimensional part models are in preparation.
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Table 1: Material data of the liner steel (see Fig. 3)

Young'modulus 219000 MPa

Poisson ratio 0.3

Flow stress 380 MPa

Maximum tensile stress 670 MPa

Uniaxial fracture strain 0.28

Density 7800 k g/M3

Table 2 Material data of the rebar steel

Young'modulus 200000 MPa

Poisson ratio 0.3

Flow stress 420 MPa

Maximum tensile stress 620 MPa

Uniaxial fracture strain 0.075

Density 7800 k g/M3
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Table 3 Material data of the tendon strands

Young'modulus 216200 MPa

Poisson ratio 0.3

Flow stress 1600 IVIPa

Maximum tensile stress 2000 IVIPa

Uniaxial fracture strain 0.0325

Density 7800 kg /M3

Table 4 Material data of the concrete (see Fig. 3)

Initial Young'modulus 27000 MPa

Poisson ratio 0.18

Maximum tensile stress 3.45 IVIPa

Strain at maximum tensile stress 0.000128

Parameter to describe post-cracking 8

stiffening 

Maximum compressive stress -47.3 Wa

Strain at maximum compressive stress -0.00186

Density 2176 k g/M3
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Figures
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Fig. 1: Major dimensions of the pre-stressed containment model (the wall includes

hoop, meridional and radial rebars as well as hoop and meridional tendons)



- 35.9 -

II

M

Ii

M

Fig. 2 View of the completed Sandia containment model (from 1)
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Fig. 3 Finite element model of prestressed concrete model containment
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True stress-strain curves
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Fig. 4 True stress-strain curves of liner and rebar steel as well as tendon strand as

used as input for the finite-element-calculations
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Fig. 5: Uniaxial stress-strain curve used in the concrete model
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Fig. 6 Deformed model at 07 MPa Fig. 7 Deformed model at 1.0 MPa
(magnification of displacements 50) (magnification of displacements 50)

Fig. 8: Deformed model at 13 MPa Fig. 9 Deformed model at 14 MPa (only
(magnification of displacements = 10) in calculation, magnification of displace-

ments = 10)
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Fig. 10: Development of circumferential micro-cracks (shown by red circles) in the
cylindrical part of the model (position about 3 m from bottom)
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Fig. 11: Development of circumferential and radial micro-cracks (parallel straight red
lines) in the cylindrical part of the model (position about 3 m from bottom)
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Displacement, radial 4. m)
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Fig. 12: Radial displacement at the inner surface of the liner (vertical position 46 m
above top of basemat) from measurement and calculation
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Fig. 13: Radial displacement at the inner surface of the liner (vertical position 62 rn
above top of basemat) from measurement and calculation
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Vertical displacement (I 075 m)
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Fig. 14: Vertical displacement at the inner surface of the liner (vertical position 10.75 m
above top of basemat) from measurement and calculation
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Fig. 15: Meridional strain in liner (vertical position 62 rn above top of basemat) from
measurement and calculation
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Hoop liner strain 6.2 rn)
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Fig. 16: Hoop strain in liner (vertical position 62 rn above top of basemat) from
measurement and calculation
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Fig. 17: Rebar hoop strain at outer hoop rebar (vertical position 62 rn above top of

basemat) from measurement and calculation
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Hoop tendon strain 6.2 m)
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Fig. 18: Strain in hoop tendon (vertical position 62 m above top of basemat) from
measurement and calculation
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Fig. 19: Hoop strain in the concrete nearby the liner (vertical position 62 m above top

of base-mat) from measurement and calculation
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Fig. 20: View of a 3d-model of a 90'-section of the containment (a: complete model,

shaded presentation, b: meridional tendons of dome, : hoop tendons of dome, d:

concrete modelling at the bottom of the model, e: meridional rebars at the bottom of the

model)


