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ABSTRACT

     The investigation of the size dependence of the material behaviour and particularly of the failure strain is the main
objective of the European research project LISSAC (Limit Strains for Severe Accident Conditions). Within our activi-
ties in LISSAC, tensile test series with specimens of similar geometry and different sizes are performed. The speci-
mens, cut from the wall of a real reactor vessel, are flat with a central hole, flat with a double edge notch as well as
round with a circumferential notch in order to obtain inhomogeneous deformation with high strain gradients, which will
be higher in the smaller specimens and might be responsible for size effects. An additional variation of the strain gradi-
ent is obtained by varying the central hole radius of the flat specimens, with three different hole geometries being con-
sidered: round hole, increased round hole and slot. During the tests optical methods are used for measuring local de-
formations and partly local strain gradients. The results obtained show a size effect neither on the global nor on the
local deformation behaviour, whereas the damage and failure behaviour is influenced significantly by the size of the
specimen. On the basis of the surface deformation measurements, finite element calculations are performed to estimate
the local failure strains as well as the corresponding strain gradients. A clear dependence of local failure strains on
strain gradients is obtained. 

KEY WORDS: flat and round tensile specimens, global strain, local failure strain, macro crack initiation, nominal
stress, notch opening, reactor pressure vessel, size effects, strain gradient.

INTRODUCTION

     Knowledge of locally permissible strains of reactor vessel components is very important for design evaluations as
well as for the integrity check of the reactor pressure vessel after severe accident loads. Usually, failure strain is deter-
mined on quasi homogeneously loaded lab specimens and applied to inhomogeneously loaded structures using proper
constitutive equations with appropriate multi-axiality criteria. Thereby, the difference in size between lab specimens
and large structures like the reactor vessel is neglected. The investigation of the size dependence of the material be-
haviour and particularly of the failure strain is the main objective of the European research project LISSAC (Limit
Strains for Severe Accident Conditions) [1].
     Within our activities in LISSAC, tensile test series with specimens of similar geometry and different sizes are per-
formed. The specimens, cut from the wall of a real reactor vessel, are flat with a central hole, flat with a double edge
notch as well as round with a circumferential notch in order to obtain inhomogeneous deformation with high strain
gradients, which will be higher in smaller specimens and might be responsible for size effects.
     For measuring local deformations and partly local strain gradients during tensile loading up to failure, optical meth-
ods are used. Since the location of macro crack initiation is not necessarily found on the observed specimens surface the
surface deformation measurements are complemented by finite element calculations to determine the failure strains and
the corresponding strain gradients.
     In the following sections further details are presented with regard to the specimens used, the test procedure and the
measuring methods applied. Thereafter the main results obtained and their evaluation are discussed.

SPECIMENS

     Three types of specimens are selected for our investigations: a flat specimen with a central hole, a flat specimen with
a double edge notch and a round bar specimen with a circumferential notch. In order to vary the strain gradient for a
given specimen size, the hole radius of the flat specimen with a central hole is varied with three different hole geome-
tries being taken into consideration: round hole, increased round hole and slot. Consequently, five different specimen
families are obtained. Each family consists of specimens of the same geometry with different sizes. We test two sizes of
each family, whereas further sizes are tested by our partner in the LISSAC project. In Table 1 the geometries of the five
specimen families as well as values of main dimensions like thickness and diameter of the hole or notch are listed.
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Table 1 Geometry and dimensions of tensile specimens

Thickness
[mm]

Hole
diameter

[mm]

Gauge
length L0

Number
of tests

4 2 24 7

A)

Flat specimen
with hole

20 10 120 2

Thickness
[mm]

Hole
diameter

[mm]

Gauge
length Lo

Number 
of tests

4 3.6 24 5

B)
Flat specimen

with 
increased hole

20 18 120 3

Thickness
[mm]

Slot
[mm]

Gauge
length Lo

Number
of tests

4 2x0.4 24 6

C)
Flat specimen

with slot

20 10x2 120 3

Thickness
[mm]

Notch
diameter

[mm]

Gauge
length Lo

Number 
of tests

4 2 24 7

D)
Flat specimen

with
double edge

notch 20 10 120 3

Diameter
[mm]

Radius
[mm]

Gauge
length Lo

Number
of tests

3 0.3 18 5

E)
Round speci-

men with
circumferential

notch 9 0.9 54 5

TESTING PROCEDURES

     The flat specimens, 4 and 20 mm in thickness, are
tested using servo-hydraulic testing machines with a
capacity of 160 and 630 kN, respectively. Fig. 1 shows
a 20 mm thick flat specimen mounted in the hydraulic
testing machine (630kN). The round bar specimens of 
3 and 9 mm in diameter, are tested using a servome-
chanical testing machine with a capacity of 100 kN.
     In all tests global deformation of the specimens is
monitored by an axial extensometer mounted over the
gauge length L0 when the test is started (s. Table 1).
During all tests, the global strain measured by the ex-
tensometer is controlled at a constant rate of 10-3 sec-1.
In addition, the local deformation in the hole and notch
area, respectively, is determined using optical methods.
The optical system used for the flat specimens works on
the basis of the ”Object Grating Method“ [2], where a
random pattern is applied on the surface of the specimen
and observed with two cameras during the test (s.
Fig.1). The 3D-displacement and strain fields are then
evaluated after the test by using digital image process

Fig. 1 Servo-hydraulic testing machine and
optical measurement system
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ing. The results are the evolution of the strain field on the surface as well as of the contour of the specimen up to fail-
ure. Thus, the global as well as the local failure strains corresponding to the macro crack initiation can be determined.
For the round specimens another method is applied, where the shadow of the specimen is observed with a digital high-
speed camera [3]. Using digital image processing the evolution of the specimen contour is then calculated, yielding the
evolution of important local deformation parameters like minimum diameter and notch opening.
     In order to determine the onset of local failure corresponding to macro crack initiation, the electric potential drop
method is tried (s. Fig. 1).

RESULTS AND DISCUSSION

1) Experimental observations
     For the specimens with a central hole the hole opening displacement which is defined as the relative elongation of
the hole in the loading direction is selected as a representative integral strain measure of the local deformation field
surrounding the hole. For the specimens with a notch the notch opening displacement is considered instead, which is
defined analogously as the relative elongation of the notch in the loading direction. In our tests, both are determined by
means of the recorded pictures of the deformation states during the tests. Fig. 2 shows the nominal stress - defined as
tensile force divided by the minimum cross-sectional area - versus hole opening displacement for specimens of family
A (cf. Table 1). In addition to our results obtained for 4 and 20 mm thickness, the results obtained by our partners for
specimens of up to 200 mm thickness are plotted [4]. Up to the maximum, the curves do not show any distinct differ-
ence and hence, no size effects on the deformation behaviour. After reaching the maximum, all curves exhibit a re-
markable drop or discontinuity in the first derivative in the decreasing path. The position of this discontinuity which
might be identified by the state of macro crack nucleation and local failure, respectively, significantly depends on the
specimen size, whereas the smaller the specimens are, the higher is the hole opening displacement at that position (s.
Fig. 2).
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Fig. 2 Nominal stress versus hole opening displacement 
                                                            for flat specimens with a hole (family A)

     When plotting similar curves for the flat specimens with an increased hole (family B), almost the same behaviour is
ob served: Up to the maximum nominal stress, the deformation behaviour is size-independent, while the failure behav-
iour is remarkably size-dependent with the failure hole opening displacement being higher for the small specimen in
comparison to the bigger one (s. Fig. 3).
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Fig. 3 Nominal stress versus hole opening displacement
                                                            for flat specimens with an increased hole (family B)

     Qualitatively, the same conclusions can be drawn as far as the curves of nominal stress versus hole opening dis-
placement for flat specimens with a slot (family C) are concerned (s. Fig. 4). However, the onset of local failure and,
hence, the failure hole opening displacement cannot be identified easily from the decreasing part of the curve as it is the
case for the curves of the families discussed so far. When comparing Figs. 2, 3 and 4, the hole opening displacement
values increase significantly with decreasing hole radius.
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Fig. 4 Nominal stress versus hole opening displacement 
                                                          for flat specimens with a slot (family C)

     Also the results obtained for flat specimens with a double edge notch (family D) are consistent at least qualitatively
with the results for flat specimens of other families (s. Fig.5). As regards the failure notch opening displacement, the
general tendency is confirmed, i.e. values decrease with increasing specimen size. 
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Fig. 5 Nominal stress versus notch opening displacement
                                                           for flat specimens with a double edge notch (family D)

     The results of the round specimens with a circumferential notch (family E) are still consistent with the results ob-
tained so far, even though the failure notch opening displacement cannot be recognised easily(s. Fig. 6). However, the
values of notch opening displacement very close to rupture show the same tendency. 
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Fig. 6 Nominal stress versus notch opening displacement for
                                                         round specimens with a circumferential notch (family E)

2) State of macro crack initiation
The results presented above show clearly that there is a size effect on the failure behaviour and in order to quantify this
effect, we tried to determine the local failure strain at the moment of macro crack initiation. First of all, a criterion is
required for defining the state of macro crack initiation. Such a criterion can be the moment at which the deformation
behaviour deviates from the behaviour to be expected on the basis of the prehistory. Accordingly, the observed sharp
drops in the nominal stress / hole opening displacement curves (cf. Figs. 2, 3, and 5) might be caused by macro crack
initiation. Therefore, the deformation states at the onsets of these drops could be those of macro crack initiation. How-
ever, this criterion is not applicable to the tests of the families C and E (s. Figs. 4 and 6). Another criterion based 



on the observations using the optical
measuring systems is the optical recognition
of a crack for the first time (s. Fig. 7). This
criterion has the disadvantage that the
macro crack might nucleate somewhere
inside the specimens and not necessarily on
the surface, where the optical observations
are made. If for some reasons the crack
nucleation is expected on the surface or
very close to the surface, the criterion
would work. For the tested specimen
families finite element calculations show
that the maximum stresses and strains are
located very close to the surface in the root
of the hole and notch, respectively.
Therefore, we selected the last criterion for
identifying the state of macro crack
initiation by defining it as the state
observed optically immediately before the
state of optical recognition of a crack in
order to be on the safe side. The positions
of these states are marked by asterisks in Figs. 2-
     Unfortunately, we were not successful in usin
initiation, because the potential drop observed 
caused by cracking or by the reduction of the cro

3) Calculation of local failure strain
     The main aim of the work is the determinatio
gradient, respectively. However, the experiment
occurs, namely, in the root of the hole and notch,
the local strains on the surface of the specimens, 
tion about strains could be obtained. In order to e
of the deformation observed on the surface for t

formed using the finite element code ABAQUS 
rial behaviour, i.e. the true strain stress curve, r
 

observed 
macro  
crack

Fig. 7 First optical observation of macro crack initiation
6.
g the electric potential drop method to detect the onset of macro crack

is smooth and it was not possible to distinguish whether the drop is
ss section due to plastic deformation. 

n of local failure strain and its dependence on the size and deformation
al observations are not sufficient to determine the strain where failure
 respectively. In the case of the flat specimen, we are able to determine
but the crack is observed inside the hole (s. Fig. 7), where no informa-
stimate the strain at the position of macro crack initiation on the basis
he state of macro crack initiation, finite element calculations are per-
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Fig. 8 Comparison of strains measured and calculated in the loading direction at
           the maximum deformed position on the surface of a flat specimen with a hole
6

with the formulation for geometrically non-linear problems. The mate-
equired for the calculations is determined from standard tensile tests



7

performed by one of our partners in the LISSAC project. With the calculations the tensile tests on the specimens of the
five investigated families are simulated up to deformation states beyond those obtained experimentally - damage is not
considered in the simulations -. 

     One of the important results of the finite element calculations is that the positions of maximum equivalent plastic
strain calculated coincide very well with the positions of macro crack initiation observed experimentally for all speci-
men families. This backs the assumption, that plastic strain is the driving force for ductile damage and failure, respec-
tively. In order to verify our measurements of local strains, the maximum logarithmic strain calculated on the surface is
compared with the strain measured for different hole opening displacements of flat specimens with a hole (family A) in 
Fig. 8. A good agreement is obtained (s. Fig. 8). To extract from the results of the finite element calculations the value
of the maximum equivalent plastic strain for an arbitrary value of hole and notch opening displacement, respectively,
the calculated relation between them is plotted in Fig. 9 for the five specimen families investigated. Using this relation,
the values of local failure strain corresponding to the experimentally observed values of failure hole and notch opening
displacement, respectively, are determined. For the different types and sizes, different values of local failure strain are
obtained so that this property can no longer be considered a size-independent and shape-independent material property.
In a first approach, this is attributed to the fact that the difference in the strain gradient might be induced by size and
shape changes. Therefore, the strain gradients corresponding to the local failure strains at the positions where they oc-
cur are calculated by numerical differentiation. Fig. 10 shows the local failure strain determined so far for all specimens
versus the magnitude of the respective strain gradient. Despite a certain scatter, a clear dependence between local fail-
ure strain and strain gradient can be recognised (s. Fig. 10). Preliminarily, the dependence can be fitted well to a
straight line equation by linear regression (dashed line in Fig. 10). In order to use the results for the assessment of local
strains in a component an equivalent strain ε~ may be introduced as 

( )( ) ( )peqp
eq

ge
p
eq

p
eq gradlgradf εεεεε −= =

..

,~                                                         (1)

with p
eqε denoting the equivalent plastic strain and ( )peqgrad ε  its gradient. l  is a length scale characteristic of the ma-

terial investigated (temperature-dependent material property). The assessment can be then done using a simple failure
criterion like 

Fεε =~                                                                                      (2)
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Fig. 9 Maximum equivalent plastic strain versus hole and notch opening displacement, re-
spectively, for the five specimen families as calculated using the finite element method
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with Fε being the failure strain for the case of homogeneous deformation and the strain gradient magnitude

( )peqgrad ε equalling zero, respectively. For our material Fε and l  are determined by linear regression of the data in

Fig. 10 to: mml 035.0= and 08.1=Fε .

CONCLUSIONS

     In our investigations a dependence of the damage and failure behaviour on size could be clearly verified. In a first
approach, it is attributed to the change in strain gradient caused by a size change. This is corroborated by the observa-
tion, that geometrically induced change in the strain gradient similarly influences local failure strain. On the basis of the
local failure strain data and their dependence on the local strain gradient, a criterion is derived for the assessment of
local strain states using size-independent material properties. Although the validity of the criterion might be limited to
the investigated range of strain gradient, it is a promising attempt of considering size effects in the evaluation of non-
homogeneously loaded or differently scaled components, respectively.
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Fig. 10 Dependence of local failure strain on the magnitude of the equivalent plastic
              strain gradient at failure
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