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In the current German design codes, mainly stress based concepts are used in the

safety analysis of technical components. However, no reliable limit loads or safety

margins can be defined with these concepts. Validated concepts on the basis of a

tolerable limit strain are presently not available.

In the context of the EU program LISSAC specimens with different geometry as well

as geometrically similar specimens with a size ratio up to 1:50 are examined.

On the basis of finite element simulations it is shown that damage models are able to

predict the experimentally observed geometry and size effects on the failure strains.
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1. Introduction

In the current German design codes stress based concepts are used in the safety

analysis of technical components, e. g. 1]. These concepts allow plastic deformation

only up to a limited amount. In nonstandard loading cases, such as malfunctioning

and accidents, deformation reserves of ductile metallic materials are not or only in-

sufficiently used as higher plastic deformation could be tolerated. Tolerating higher

plastic deformations, limit loads can be determined in an easier way and safety mar-

gins can be quantified more clearly. However, a confirmed definition of a tolerable

limit strain is presently not available. There are great uncertainties, as failure strains
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[2] and therefore the limit strains not only depend on the material, but also on the

stress state and the absolute size of the specimen or component.

In order to reduce these uncertainties and to find a loadable definition of allowed limit

strains, LISSAC (Limit Strain for Severe Accident Conditions) 3], funded by the EC,

was created.

Wthin the scope of LISSAC, specimens of different geometries and sizes were

tested. The specimens were made of 22NiMoCr3-7 4]. The following types of speci-

mens were chosen: flat tensile specimens (with hole, slot and notch), notched three

point bend specimens, round notched tensile bars, flat biaxially loaded specimens

with (and without) hole as well as a scaled model of a pressure vessel head. Speci-

mens with geometric similar dimensions and a proportion of up to 1:50 were tested in

order to examine the size effect.

The aim of the above-mentioned tests is to develop a concept which allows to define

reliable failure strains in dependence of the stress state and the absolute specimen

size. With such a concept safely tolerable limit strains can be defined.

Using the classic methods of strength of materials and fracture mechanics it is cur-

rently not or only to a small extend possible to predict failure (crack initiation, growth

and instability) dependent on geometry and size. Alternative calculation methods are

the so called damage models. Numerous examinations [5, 6 have shown that plastic

deformation, crack initiation as well as subsequent crack growth can be calculated.

The following examinations should show to what extend the frequently used damage

model of Rousselier is able to predict failure strains experimentally determined. Par-

ticularly it should be determined if the size effect experimentally observed can be

numerically simulated.

2. Material Characterisation

Experimental examinations were performed using a 22NiMoCr3-7 pressure vessel

steel. In order to prevent misinterpretations of the size and geometry effects on fail-

ure strain, other influencing factors like material inhomogeneities must be excluded.

To guarantee high material homogeneity and thus to exclude scatterings and effects

caused by a material gradient, all specimens were removed from the same ring seg-

ment of a pressure vessel. Extensive tests on material characterisation (tensile tests

and chemical uniformity 7 were performed to control homogeneity within the seg-
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ment. On the basis of these examinations the specimens were removed from the t/4

position for the actual test program to avoid the depending of the results on the loca-

tion.

3. Experimental Testing Matrix

A number of specimen geometries were defined to examine the size effect on failure

strains. These specimen geometries allow the examination of the size effect in de-

pendence of the stress state. The different geometries and boundary conditions are

shown in Figure .

flat specimens flat specimens flat specimens flat specimens model of a vessel head
with hole with enlarged hole with slot with notches

model of a vessel head
with holes

bending specimens
with notch

round notched flat biaxial loaded specimens
tensile bar with and without hole

bending specimens
with slot

Figure 1: Specimen geometries 3]

Several specimens of different sizes were tested of each specimen geometry in de-

pendence of the temperature and the strain rate. For example, the flat tensile speci-

mens with hole cover a thickness range from 4 mm to 200 mm. The results pre-

sented in this paper are restricted to room temperature and quasi static test condi-

tions.
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4. Damage Model of Rousselier

Rousselier [8] defined a continuum mechanic material model for describing a material

containing voids. He derived the model with the help of thermodynamic laws and the

assumption of mass constancy. The Rousselier model was used for the presented

calculations in the following form:

(FM

(D = Tv + crk -2 f -e (1-f )cyk - = 
f y

(1) flow function GV deviatoric stress

Cyk material constant (YY current flow stress

GM hydrostatic stress f void volume fraction

With the help of this flow function the plastic deformation as well as current void vol-

ume can be calculated. The original Rousselier model was modified in such a way

that material stiffness is reduced to 0, thus simulating crack growth [5] as soon as the

calculated void volume reaches locally a critical value fc. In order to calculate speci-

mens and components the flow function was implemented in a finite element code.

For metallic materials it is known from metallographic examinations that the micro-

scopic processes leading to fracture can be divided into three successive phases:

• Formation of voids at second phase particles or other microstructure in homo-

geneities.

• Growth of voids with increasing plastic deformations.

• Coalescence of voids leading to microscopic failure.

As a result of these processes a growing crack jumps usually from void to void. If this

metallographic distance is considered in the finite element simulation, the size effect

can be simulated [5]. The so called "gradient models" make it possible to consider

the void distance as an internal length in material models 9 10]. However, imple-

menting such models in commercial finite element codes is very complex and time-

consuming. Another common method is to correlate the void distance directly with

the distance of the nodes in the finite element simulation. The crack jumps from node

to node or from integration point to integration point respectively analogous to the

metallographic observations. Therefore, the size of the Finite Elements have to be
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connected with the distance of the voids which lead to failure. Size dependence can

be described by this fixed absolute element length.

For using the damage models, material depending parameters have to be deter-

mined:

• Flow law in the form of a real stress strain curve.

• Initial void volume fo.

• Rousselier stress Uk.

• Element size.

In the following you will find some more information on the determination of the real

stress strain curve:

Tensile tests [11] were carried out to determine the stress strain curve. The real

stresses and strains can be calculated easily up to the point of maximum load from

the experimental values, Figure 2 and 3.
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Figure 2 Experimental and calculated Figure 3 True stress strain curve with
technical flow curve extrapolation

After reaching the maximum load, it is not possible anymore to convert directly from

the technical to the true curve, due to the multiaxial stress state resulting from neck-

ing. As size and form of the necking part are not recorded during the test, approxima-

tions such as the Bridgman correction 12] cannot be applied. In a first attempt, the

flow curve was extended both linearly and logarithmically, Figure 3 A finite element
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simulation of the tensile test did not lead to satisfactory results in case of both flow

curve extensions, Figure 2 An automated numerical adaptation 13], which lies be-

tween the linear and logarithmical extrapolation, results in a good correlation be-

tween calculation and experiment, Figure 2.

5. Calculations with the Rousselier Damage Model

Size variation, geometry variation and variation of stress multiaxiality were carried out

in order to find out whether and to which extent it is possible to simulate the

speicmen behaviour experimentally observed with the Rousselier Model. The same

stress strain law as well as the same damage parameters were used for all finite

element simulations.

5.1 Size Variation

The investigations on size dependence of the failure strains were carried out with flat

specimens with hole. The geometries of the differently sized specimens are shown in

Figure 4 For the calculations, 1/8 of the specimens were idealized with 20 node iso-

parametric elements, utilising the symmetry.

T W D Lo

4 mm 10 mm 2 mm 24 mm

20 mm 50 mm 10 mm 120 mm

40 mm 100 mm 20 mm 240 mm

thickness T

Figure 4 Flat specimens with hole

To be able to compare the specimens among each other, the load was normalised

with the particular net cross section. The deformations were converted into strains

with the particular measuring length. Figures to 7 show the normalised stress in

dependence of the normalised hole opening. Comparing the numerical results with

the experimental values, it can be seen that the Rousselier Model well-describes the

deformation behaviour of the differently sized specimens. The model predicts maxi-

mum load as well as load dropping at test end due to crack initiation and crack
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growth. Comparing the numerical results of the differently sized specimens, Figure ,

a size effect can be identified.
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Figure 7 Normalised hole opening - ex- Figure 8: Normalised hole opening - ex-
perimentally [3]and numerically, flat speci- perimentally 3] and numericallyflat
mens with hole, dia. of 20 mm specimens with hole, dia. of 2 10, 20 mm

5.2 Geometry Variation

To find out geometry dependence of the failure strains, the following geometries were

investigated:

- Flat specimen with hole (see "size variation").

- Flat specimen with enlarged hole.

- Flat specimen with notches.

- Model of a vessel head under internal pressure.

The detailed dimensions can be taken from Figure 9.
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L
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TR=DI2
W�DW

thickness T thickness T

specimen T W D Lo R

flat specimen with hole 20 mm 50 mm 10 mm 120 mm

flat specimen with enlarged hole 20 mm 50 mm 18 mm 120 mm

flat specimen with notches 20 mm 50 mm 10 mm 120 mm

vessel head under internal pressure 5 mm 55.6 mm

Figure 9 Specimens geometries

As mentioned, the behaviour of the flat specimen with a hole can be described well,

Figure 6 Moreover, deformation and failure behaviour of a specimen with the same

outer dimensions, but with a larger hole, can be well simulated with the Rousselier

damage model, Figure 0. In the case of the specimen with notches, the experimen-

tal load behind maximum load is slightly overestimated. The failure strain, however,

can be predicted quite well, Figure 1 1.
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Figure 10: Normalised hole opening - Figure II: Normalised notch opening -
experimentally 31 and numerically, flat experimentally 3 and numerically, flat
specimens with increased hole, dia = 18 specimens with notches, radius = mm
mm
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The model of a pressure vessel head shows a totally different geometry compared to

the tensile specimens; due to pressure loading also the stress state is different. Be-

cause of missing holes and notches in the critical part no pronounced stress concen-

trations can be observed. The internal pressure produces three axial stress field in

the head wall. During testing, the pressure and the displacement of the head center

was measured. When comparing experiment and simulation data, the prediction is

good in spite of the complex load situation, Figure 12.

5.3 Variation of the Stress Triaxiality

The stress triaxiality in the hole or the notch ground of the examined specimens is

relatively low and within a relatively small range (1. < o-, /07" < 25). In order to

achieve a wider variation, notched round tensile specimens with low (LISSAC ge-

ometry, Figure 13) and high multi-axiality (ESIS geometry, Figure 13) were calculated

with the damage model. When comparing the numerically determined results with the

experimentally behaviour, it can be seen that it is possible to predict the deformation

very accurately as well as the global failure strain of both geometries, Figures 14 and

15. The mayor difference between the two specimens is the point of crack initiation.

While the LISSAC flat specimens and the LISSAC round notched tensile bars initiate

within or close to the notch surface, the crack at the ESIS specimens starts in the

specimens center. This numerical findings correspond to the experimental results.
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CL - experiment 20 mm 16 mm

20-1 0 simulation
Oj 1
0 8 12 16 20 24

displacement mm LISSAC geometry ESIS geometry

Figure 12: Experimental 14] and numerical Figure 13: Geometries of the round
load displacement behaviour notched tensile specimens, radius = 2

mm
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Figure 14: Experimentally and numeri- Figure 15: Experimentally and numeri-
cally specimen elongation (normalised), cally specimen elongation (normalised),
notched round tensile specimen LISSAC notched round tensile specimen ESIS
geometry geometry

6 Calculation of Failure Strains

The main goal in LISSAC research project was to determine limit strains based on

failure strains. The failure strains used within LISSAC were defined as follows:

• Failure strain is defined as maximum equivalent plastic strain at crack initia-

tion.

• Failure strain is a local parameter.

• Failure strain is the maximum equivalent plastic strain at the surface of the

hole or the notch, known that at some of the specimens, the crack initiation is

slightly beneath the surface. This assumption is a substantially simplification

as in case of common finite element simulations it is not possible to determine

the place of initiation.

According to this definition, the failure strains for the experiments were determined

as follows:

The experimental point of initiation was determined by means of the so called

"Vanishing Gap" Method 3]. Parallel to the experiment, each specimen was simu-

lated with a Finite Element calculation, i. e a calculation without taking crack

growth into account. When the calculated overall deformation reaches the experi-

mental initiation point the equivalent plastic strain in the hole, respectively the

notch ground, was defined as failure strain.
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According to this definition, the fracture strains calculated with the Rousselier

model were determined as follows:

By means of the Rousselier damage model, the point of failure can be determined

without information from the particular experiment, i. e. absolutely numerically. The

equivalent plastic strain in the hole respectively in the notch ground at the point of

numerical initiation is defined as failure strain.

Figure 16 shows the failure strains of LISSAC experiments depending on hole re-

spectively notch radius (small, not filled in symbols). All experiments are situated in a

relatively narrow scatter band. The failure strains (big, filled in symbols) resulting

from the damage mechanical calculations are well-ranked within the experimental

scatter band. From this it can be concluded that the failure strains can be precalcu-

lated by means of the Rousslier damage model, independently of size and geometry.

When adding the failure strain of the ESIS specimen (star symbol) into Figure 16 it

can be recognized that the limit strains 3 determined in LISSAC project can be

transferred only in a limited way to structures with higher stress triaxialities.

200

180 ----------- ------- ------------------- -------- -----------------

160 ------ -------------- ------------------- - - - - - - -U)
140 ----------- ------ ------ ------------ I-------- -----------------

120- - - - -------- --------------- -------- -----------------
0

100 ------------------- ------------------ ------- WE ----------------

C:) V

> 080 ------------ :-------- :------------------ -------- -----------------

4) 60 ------------------- ---------- 0 flat specimen with hole
1:1 flat specimen with enlarged hole

0 40 ------------ I------------------ A flat specimen with slot
v round notched tensile bar LISSAC

----------r-L 20 0 vessel head model01 round notched tensile bar ESIS

0.5 1.0 5.0 1

hole resp. notch radius mm

Figure 16: Calculated (big filled in symbols) and experimental (small not filled in

symbols) 3 local plastic equivalent failure strain depending on hole re-

spectively notch radius.



- 21.12 -

7. Summary

The following conclusions can be drawn from the presented examinations:

• Deformation and failure behaviour of the different specimens experimentally

observed can be predicted quite well by the Rousselier damage model. The

damage model is able to predict the local formation and the growing of cracks.

For all the calculations the same material parameters (stress strain curve and

Rousselier parameters) were used.

• Rousselier Model is able to predict the location of crack initiation (in the hole

respectively the notch ground or close behind for LISSAC specimens; in the

center of the specimen for the ESIS specimen).

• Damage model does not predict any size effect in the deformation behaviour

up to maximum load. A size effect only appears at and after crack initiation.

These predictions correspond to the experimental observations.

• Rousselier Model well predicts the effect of geometry and load on the defor-

mation and failure behaviour. With the model it is possible to simulate the be-

haviour of a two dimensionally loaded pressure vessel head as well as of a flat

specimen with hole or notch.

• Failure strains calculated with the damage models are in good agreement with

the experimental ones. With the model it can be shown that slightly changes in

geometry can cause an increase of stress triaxiality and thus a severe de-

crease of the limit strains.

8. Future Works

On the basis of the experimental and numerical results a concept for the determina-

tion of reliable limit strains in dependence of the stress triaxiality will be deduced.
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