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1. Introduction 

The stress calculation for a nuclear power plant component should 

determine the steady-state, transient and cyclic stresses which are 

generated by the acting forces (weight, pressures and pressure 

differentials) and by the temperature distributions in the component. 

Then, these stresses have to be evaluated in the light of the respec

tive material characteristics, temperatures and the rules and stand

ards applicable to the component under consideration, e.g. acceptable 

stress intensities. 

In a lower temperature range only the short-time material behaviour 

has to be considered (up to approx. A00 C for ferritic steels and 

up to approx. 500 C for austenitic steels). At higher material tem

peratures the material undergoes creep during the lifetime of the 

components, which must be taken into account. A reliable stress 

analysis under these conditions is much more complicated and exten

sive. 

For certain components mere steady-state and quasi-steady-state 

stress analyses an not sufficient, because the dynamic behaviour 

of these components,e.g. their vibration behaviour under the in

fluence of the excitation forces resulting from flow, evaporation 

or condensation processes must also be studied (e.g. heat exchanger 

tubes). Very often only an additional experimental investigation 

will yield reliable results. 

Tie loading conditions on which the stress analysis must be based 

result from the process parameters selected (pressures, temperatures, 

flow velocities), the mode of operation of the plant (rates of tem

perature variation), and the anomalous modes of operation produced 

during incidents. These data can be obtained from optimization cal

culations, dynamic analysis and incident studies and are incorporated 

in the specifications for the systems and components of the plant in 

question. 
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The degree of detail of stress analysis work and the expenditure 

involved in this effort nay differ very Much from ease to case. It 

depends on the design conditions prevailing in a specific case and, 

above all, on the requirements imposed by the manufacturer, the 

operator and the authorities responsible for the safety inspection 

of the plant. 

In principle, the stress analyses to be perforated for nuclear power plant 

components do not differ from those to be carried out for similar 

equipment operated in conventional industrial installations. The same 

formulae, methods and procedures can be used to determine stresses. 

Therefore, the way of calculating the stresses will not be dealt with 

in detail here, this subject is described sufficiently well in the 

technical literature.( Instead, the general procedure for a meaning

ful stress evaluation will be outlined. The extremely aggravated 

conditions prevailing at elevated temperatures, at which creep 

effects can no longer be neglected, will also be touched upon briefly. 

2. Methods of stress analysis and stress evaluation 

Methods of stress analysis with various degrees of refinement differ 

not only quantitatively but also in qualitative terms. This basic 

difference will be outlined below by the example of two approaches 

that differ greatly in terms of the expenditure they involve. 

In a simple method which can be employed without major expenditure, 

only a few stress calculations will be carried out. The classical 

boiler formula for the determination of the vail thickness of a 

pressure vessel continues to play a dominating role in this approach. 

For more difficult design details no longer amenable to a simple" 

stress calculation, such as pipe connections or multiply perforated 

tube plates,'tabulated characteristic data are used, e.g. 'weakening 

coefficients'. Such weakening coefficients have been determined 
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partly by extensive theoretical studies and partly by experimental 

methods within the framework of general research on various design 

details and for certain ranges of application. They are used to 

determine an upper stress value which is taken as a reference para

meter for the stress evaluation to be performed on the respective 

design detail. 

In general, it can therefore be said that the increases in stress 

occurring at discontinuities are not explicitly assessed by this 

simple method. 

Such stress increases are known to exist and are also known to cause 

no damage if proven tough materials are used, all component details 

are rearonably designed, and the usual operating conditions are 

observed. In stress evaluation a relatively high safety factor is 

added that is intended to cover this aspects. 

A framework of this simplified approach is established by the codes 

and standards applicable to pressure vessels and heat exchangers in 

many contries, such as the AD and TRD guidelines in Germany and 

Sections I and VIII, Div. 1 of the US-ASME Code. These standards 

include a wealth of design references to individual details, such 

as pipe connections, reinforcement ribs, transition areas from one 

diameter or one wall thickness to another, etc., all of which safe

guarding reasonable designs and intend to allow application of the 

weakening coefficients offered by these codes for the details of 

design. The assignment of weakening coefficients, safety factors 

and ranges of application has been selected so that certain maximum 

local material strains will not be exceeded. Additional external 

forces, the effects of thermal stresses and also of cyclic stresses 

are not taken into account in this simplified method. However, in 

many preliminary studies and initial project phases a method of this 

type will be applicable also to nuclear power plant components. But 

such regulations greatly limit the designer's freedom. 
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For nuclear power plant components in the final design phase the 

incomplete information offered by such simple methods will not be 

satisfactory because sufficiently detailed stress assessments will 

be needed. Naturally, this requires greater attention to be devoted 

to the assessment of stresses and to the evaluation. However, one 

should bear in mind that a detailed stress calculation may lead 

the designer into trouble at the beginning because more accurate 

procedures will normally result in higher stresses in the same 

design. What had been permitted before may now appear to be no 

longer permissible. Therefore, in a detailed stress evaluation one 

can no longer retain the same safety factor customarily employed 

in the simple type of calculation. This would merely lead to un

necessary overdimensioning which in many cases is no solution, 

because it is often the thermal stresses that are decisive and these 

increase as the wall thickness increases. Therefore, for a detailed 

stress calculation more recent detailed permissible stress values 

will have to be used. The procedure of defining permissible stress 

values for this kind of stress analysis and the values proper differ 

somewhat in the individual countries. A comprehensive background of 

information in this field is offered by the following American docu

ments: ASHE Code, Section III and Section VIII, Div. 2, and the Nuclear 

Power Piping Code. For this reason, these standards are increasingly 

employed in stress evaluations, also in countries outside the United 

States, even if they are not the official and binding design bases. 

The basis of the detailed stress evaluation applied in these codes is 

the limit load theory. The stresses existing in various parts of the 

component are no longer compared with a permissible stress applicable 

to the entire structure, as with the simplified method. In the detailed 

stress evaluation, the maximum load-carrying capacity of the structure 

is evaluated, i.e. the true safety with respect to failure. For better 

understanding, a very simple example will be quoted to describe this 

limit load theory. 

Let us regard a tensile bar and a rectangular transverse beam made 

of an ideal -plastic material, as shown in Fig. 1, i.e. a material that 

can suffer considerable extension above a certain stress value without 
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any strain-hardening. Both devices will be loaded so that the maxima 

stress attaines two thirds of the yield point. Accordingly, in the 

usual meaning of the term,and according to the simplified method of 

stress evaluation both designs have the same safety factor of 1.5 

relative to the yield point, which makes them equally safe formally. 

It is easily seen from the rest of the argument below that this 

statement is not correct: a further increase in load by slightly more 

than 50 Z of the original load takes the tensile bar beyond the yield 

point, generating unlimited yielding under the assumed conditions of 

an ideally plastic material, which is a rupture by force.The rectan

gular transverse beam will also be taken to the yield point by such 

an increase in load, but only in the external fibres; the beam will 

continue to carry also the higher load, mostly by means of elastic 

bending stresses. If the load is further increased, the plastified 

zone beginning at the surface and spreading towards the centre of the 

beam will become larger, but the stress distribution in this case 

will continue to maintain an equilibrium relative to the external 

load. This will be true until the entire cross-section has been 

plastified, that is, the rectangular stress distribution indicated 

in the drawing has been brought about. However, this will not happen 

until another increase in load by 50 Z. Given the original stress of 

2/3 o - -,, . ., the safety against failure in this case actually yield point* J " 
is 2.25 instead of the 1.5 of the case of the tensile bar, i.e. the 

load-carrying capacity reserve of the transverse beam is 2 2 times 

higher than that of the tensile bar. Therefore, a design procedure 

is extremely useful i.i which the stresses from the different loads 

in geometrically difficult structures are clearly assessed by the 

limit load theory. At the same time it reduces the contraints on the 

designers. This method is often called: 'Design by Analysis'. Because 

of the fundamental importance of these new methods of stress evalua

tion, their most significant character sties will be briefly dealt 

with below using the ASME designation and nomenclature. 

To assess the true load-carrying capacity of a given structure, two 

types of stress must be distinguished in accordance with the leads 

underlying them. The streus distribution over the lead-carrying 

cross-section and the physical extension of the .Tone in which the 

stress is active will also have to be taken into account. 
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A distinction should first be made between primary stresses and second

ary stresses. Prinary stresses are all noma] and shear stresses that 

maintain an equilibrium against the forces and moments inposed upon 

the structural amber from the outside. So, the basic characteristic 

of prinary stresses is visible fro* the fact that they are not self-

uniting, that is, they continue to act even if major plastic strains 

are generated in a structural member after the yield point has been 

exceeded. The stresses in the tensile bar and the transverse bean in 

the concept outlined above on the linit load theory are such prinary 

stresses because the lead inposed by the weight G is maintained, 

irrespective of whether or not the tensile bar is extended or the 

transverse beam is bent. Also the stresses generated by internal pres

sure acting within the shell of a container are primary stresses. 

Primary stresses must be assessed most stringently in a stress evalua

tion because they unavoidably result in failures, even when stressed 

only once and in very elastic materials, provided such stresses are 

high enough.. However, for the purposes of stress evaluation, cases of 

loading such as the tensile bar or the transverse beam must be dealt 

with differently in the light of their different load-carrying capacity 

reserves. 

In practice, tensile stresses corresponding to the tensile bar and 

bending stresses corresponding to the transverse beam mostly occur in 

the same cross-section, one superimposed on the other. Thus, if there 

is a stress distribution as shown in Fig. 2(a), this must be broken up 

into its fractions in stress evaluation corresponding to the two 

boundary cases. The uniform normal stress distribution (corresponding 

to the tensile bar) is called membrane stress. It is obtained by 

averaging the true stress distribution over the cross-section (b). The 

deviations from this average actually existing over the cross-section 

make up the existing bending stress (c). 

Secondary stresses are all normal and shear stresses generated when 

strains or deformations, which are about to be produced in a structural 

member, are impeded by adjacent zones of the same structural member or 

by adjacent members. The most important example of secondary stresses 
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are thermal stresses. (Caused by different thermal expansion in dif

ferent parts of the component if temperature differences exist or if 

the different parts of the component consist of materials with dif

ferent thermal expansion properties.) 

Since such secondary stresses would not be present if the strains or 

deformations had developed,these stresses will evidently be reduced 

if the strains or deformations are subsequently given room for action. 

Therefore,, the basic characteristic of secondary stresses is their 

self-limiting capability because the plastic deformation of the struc-

tural member caused by these secondary stresses automatically reduces 

the cause of such stresses. A rupture due to secondary stresses need 

not be expected to result from only a few load cycles acting upon 

materials that can be deformed. 

For stress evaluation the size of the zone in which the stress occurs 

is also important. If this zone is very small, even exceeding the yield 

point will not visibly change the shape of the structural component. 

Such local increases in stress produced as a consequence of a local 

discontinuity or point-type defect are called peak stresses. They are 

significant only in assessing the fatigue and brittle fracture behaviour 

of a structural component. This also applies to the stresses between 

austenitic plating and the ferritic base material in cylindrical walls, 

although these stresses are effective over more extended areas. 

Unfortunately, not all the conditions of stress and geometry occurring 

in practice can be satisfactorily summarized under this relatively 

simple scheme. There are, for example, stresses that exhibit the 

characteristics of a secondary stress, in which the stress decreases 

as the strain increases, but in which the strain of the material or 

the structural component needed to remove stresses to a sufficient 

extent may become inadmissibly high. According to the ASME Code, such 

stresses are classified as a new group called primary local membrane 

stresses. These may be stresses occurring in a cylinder wall close to 

a pipe connection or a bracket if the pipe connection or the bracket 

is being stressed by a bending moment. 

For a detailed stress evaluation the primary membrane stress (tensile 

bar)* the primary bending stress (transverse beam), the secondary stress 



- 8 -

(thermal stress), the peak stress, and the local primary stress must 

be calculated for all the points of interest in i structural «ember 

and for all the loadings and operating conditions to be considered. 

Each stress value will first of all be represented by three no rua 1 

stress and three shear stress components» corresponding to the three 

co-ordinates selected. In general, unlimited elastic material be

haviour will be assumed for stress assessments. The increased stresses 

that may be produced at discontinuities can be assessed by means of 

stress concentration factors. They indicate the factor by which the 

stresses are increased relative to the undisturbed cross-section. 

The appropriate numerical values are part of the ASHE Code. 

The actual stress evaluation is now most simply explained on the 

basis of the appropriate diagrammes in the ASME Code: Figure 3 shows 

the first of a total of four hopper diagramaes of the ASME Code. The 

first hopper diagram» is used to show the three primary stresses that 

must be calculated for the design data taken as a basis for the com

ponents. These are the primary membrane stress P , the primary local 
m 

membrane stress P.. and the primary bending stress P. These three 

stresses must not exceed three stress limits. 

The stress limits are defined as multiples of the 'design stress 

intensity', which is tennej S and represents a permissible stress 

value. The S values are given in tables appended to the ASME Code, 

which contain these data for a great many materials as a function of 

the material temperature. It must bei remembered that the use of the 

ASME Code and the detailed method of stress evaluation referred to 

in this paper are based on the application of these stress intensity 

values. For materials not contained in the tables stress intensity 

values must not be defined in a simple way, e.g. from the yield point 

values, and used as a basis for a design. It must always be borne in 

mind that the yardstick by which to measure these data is the load-

carrying capability limit which is a function also of plastic deform-

ability and strain-hardening characteristics, i.e. the tensile strength 

of a material. In addition, the whole procedure is limited to material 

temperatures for which the design stress intensity values are indi

cated in the tables, and extrapolation of the data to higher 
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temperatures is not permitted by the rules of the code. The temperature 

Units in these tables have been so selected that the influence of 

creep nay be neglected. 

The stability data for the yield strength, and the rupture strength, 

for room temperature and the appropriate reference temperature «ere 

used i.i assessing Che S values of the ASME Code, i.e. four values 

were employed. The design stress intensity will then always correspond 

to the scaliest of the following four values: 1/3 of the rupture 

strength at room and nominal temperatures, or 2/3 of the yield strength, 

also at room temperature and nominal temperature. This twofold backup 

with respect to the permissible stress levels avoids the use of 

unduly high design stress intensity values for materials with a high 

ratio of yield strength to ultimate tensile strength. 

These design stress intensity values are higher than the permissible 

stresses valid for a stress evaluation according to the sinyle method, 

r.g. according to Section I and Div. 1 of Section VIII of the ASME 

Code. 

As can be seen from the hopper diagrammes the primary membrane stress 

must not exceed the S value. Since in most commercial tough struc

tural steel grades a lower value will result for two thirds of the 

yield strength than for one third of the rupture strength, that is, 

the S values will be determined by the yield strength, this require

ment corresponds to a safety factor of 1.5 with respect to the yield 

point. For local membrane stresses and for primary bending stresses 

and for the sum total of the local membrane and bending stresses a 

permissible limit stress &f 1.5 S applies, that is, the full yield 

point. This different evaluation ultimately is a consequence of the 

different load-carrying capacities under tensile and berling stresses, 

as explained previously in the comparison of the tensile bar with the 

transverse beam. 

One further statement should be made with respect to Fig. 3. For a 

true comparison with S , the individual stress values (six stress 

values for-each individual load at each point, namely thTee normal 

stress components and three shear stress components, corresponding 
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to the three spacv co-ordiMtes selected for calculation) awst first 

he converted into a representative stress valve. So. the rectangular 

boxes first of all include six stitss v«~*ues of each load to be con

sidered. Fcr each of the six components these single values nust be 

added up to generate the sain stresses. From these the reference 

stresses nust be calculated by Treses*s shear stress hypothesis which, 

finally, vast be coapared with the S criteria. 

There are other hopper diagraanes for the 'ther stress units to be 

observed. Figure * shows the evaluation of the secondary stresses and 

the peak stresses. This gives rise to two new stress linits. The stress 

unit for the sum total of all the prinary and secondary stresses is 

Q ̂ 3 Sa. that is, twice the yield point, and the stress unit for all 

these stresses including the peak stresses F < S . In the latter case 

it is not the design stress intensity but a stress range, which can be 

taken from the fatigue curves also contained in the ASIC Code. The 

stress limit for the expansion stress P also represented on the dia-

gran applies only to pipes and not to vessels. 

The stresses underlying 'tiese latter three stress evaluations nust be 

calculated not for the design data, as in the case of the evaluation 

of prinary stresses, but for the real operating Issds. This means that 

the calculation of the primary stresses will have to be done all over 

again for the operating stresses, even if no new stress linits nust 

be observed for the prinary stresses proper. However, the prinary 

stress fractions are required both for an assessnent of secondary 

stresses and of the peak stresses with respect to fatigue. On the other 

hand, it is not necessary to calculate separately the prinary stresses 

and the secondary stresses. (Q). for the stress evaluation 3 S and 

the prinary stresses, secondary stresses and peak stresses. (F), for 

the stress evaluation with respect to fatigue, because the stress 

evaluation will anyway be performed for the overall stress occurring. 

The stress limit 3 S^ • twice the yield point is of particular impor

tance. It determines the limit that just enables a component subjected 

to a secondary stress under repeated load to build up residual stresses 

by plastic deformation, which maintain the stresses in the elastic 
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range in subsequent load cycles. This behaviour is called shakedown; 

it might also be described by saying the coirponent 'bends itself in 

place'. 

Figure 5 contains three stress-strain curves exhibiting the stress-

strain development for three load cases where the material stresses 

calculated on the assumption of unlimited elastic material behaviour 

are beyond the yield point. In case (a) the computed stress o_. still 

remains inferior to twice the yield point (3 S ); in case (b) the 
' m 

computed stress o.T exactly reaches the level of twice the yield 

point (3 S ), and in case (c) the computed stress o... attains a 

value more than double the amount of the yield point (3 S ). In all 
m 

three cases the loaded material follows Hooke's law with a correspond

ing increase in elastic strain. On reaching the yield point the mate

rial cannot accommodate further load and subsequently suffers from 

plastic deformation if additional load is applied. This is shown in 

the curves by the horizontal lines at the height of the yitli point. 

In .ases where this strain does not produce a reduction in the load 

applied, such as with primary stresses, this would give rise to a 

rupture. Therefore, computed stresses exceeding the yield point are 

permissible only for the secondary stresses discussed here, which are 

accompanied by such a reactive effect. The idealized model selected 

starts from the assumption that the same proportionality between load 

and strain exists for this reactive effect as for the elastic load 

range. According to figures (a) to (c) plastic deformations will conse

quently develop that are as great as the elastic strains would have 

been if the material had exhibited elastic behaviour until the corre

sponding computed load. 

The strain caused by this plastic deformation (section A-B) is main

tained also in the case of load removal from the component. This means 

thai the material zone, when relieved, does not return automatically 

to its original length but that this plastic deformation rather tends 

to remain ir a permanent strain (line 0-C). Under load conditions 

•«here the relationship indicated between strain and load and stress 

exists, the component does not return to its state of equilibrium 

utider such large permanent strain. A compensation will be reached 
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only after considerable reductitn of this permanent strain and simulta

neous build-up of a stress acting in the opposite direction. The concept 

based on the model starts from the assumption that the strains must 

disappear completely. It appears from the figure that in case (a) the 

inverse stress o, remains. Thus, a prestraining condition has developed 

in the component producing the effect that under a new load of the same 

amount the component vill exhibit a purely elastic behaviour following 

the line D-B. Therefore, new plastic deformations no longer occur. 

The same situation still applies in case (b) where the computed stress 

corresponded to twice the yield point, i.e. to 3 S . Here the maximum 

possible prestraining condition -1.5 S develops, which is the value 

of the plastic limit. 

The impact of a computed st.ess exceeding twice the yield point can be 

seen from (c). Here a reversal of the plastic material sirain through 

elastic material behaviour alone is no longer possible. Plastic deforma

tion (section D-E') is also required, since the negative yield point, 

which takes roughly the same value for current materials, can neither 

be surpassed. Therefore, each new load of the same amount is accompa

nied by new plastic deformations corresponding to the sections B'-B 

under tensile load and to the section D-D' under compression load. 

Obviously, such a mode of loading cannot be permitted during the normal 

operating cycle of a plant. 

The amount o* stress 3 S was therefore selected as the upper permis

sible limit for the secondary stresses to ensure that after initial 

plastic deformation the components exhibit pure elastic behaviour under 

subsequent load cycles. 

At the elevated temperatures at which creep effects can no longer be 

neglected the stress evaluation described is not sufficient becauss 

at these temperatures a steady-state load and stress, safely accommo

dated over short periods of time, may lead to an intolerably high 

deformation and even to rupture if it is allowed to continue long 

enough. Moreover, the fatigue behaviour of the component is greatly 

modified in a complex manner by the occurrence of creep effects. There

fore, the time-dependent failur< modes must also be f:onsxaered in the 
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stress analysis. For this purpose, in addition to the number and size 

of the load changes anticipated the cycle durations and hold times of 

the individual load cycles must be considered. 

A stress analysis for elevated temperatures similar to the stress evalua

tion described before is therefore extremely complex if it is to cover 

in detail the individual effeccs. Firm regulations do not yet exist. 

Kowever, for some time quite detailed recommendations have jt»n available 

with the ASME Code Case 1592 allowing design work to proceed on a rea

sonable basis. These recommendations are described briefly in the follow

ing paragraphs: 

Code Interpretation Case 1592 is based on the structure and definitions 

of Section III and of Div. 2 of Section VIII of the ASHE Code. Again a 

distinction is made between four loading categories (design conditions, 

normal plus upset conditions, emergency conditions, faulted conditions). 

The stress analysis relies as far as possible on the elastic behaviour 

and the material data were obtained from uniaxial tensile tests. The 

concepts of primary membrane stress, local primary membrane stress, 

primary bending stress, secondary stress and peak stress were retained. 

There are considerable differences in assigning the different loads to 

these stress categories and in stress evaluation. For instance, specific 

parts of stresses caused by thermal expansion of components are now 

classified as primary stresses according to defined rules. In addition, 

characteristic stress limits must be observed for the primary stresses 

calculated from the normal plus upset conditions, which are not only 

dependent on material temperature but also on operating time. When 

assessing the stresses occurring under emergency and faulty conditions, 

several different boundary values must be considered. They include the 

strain limits, which are dependent on the operating time, and boundary 

valves taking into account the damage to material due to the load 

history. This means in practice that the stress analysis for a new 

plant yields higher tolerable loads under emergency and fault conditions 

than for an older plant that has been operating for a longer period of 

time. Without doubt, these code procedures are an important approach 

towards a method that is valid for the specific mechanical design prob

lems of sodium-cooled fast reactors. However, the essential difference 
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of a stress analysis for elevated temperatures according to the recom

mendations of Code Case 1592 consists mainly in the fact that in addi

tion to the load controlled stress limits described earlier, specific 

strain and deformation limits must also be observed for the normal, 

upset and emergency conditions. This is to safeguard against excessive 

local plastic material strain and hence inadmissible deformation of 

the component, as well as against creep/fatigue failure. Moreover, 

the problem of creep buckling due to long-term loadings is dealt 

with in this context. 

The computational resources required to demonstrate the observation 

of the strain and deformation limits can be considerable since in many 

cases this calls for very comprehensive computations to be made on the 

basis of plastic ms-erial behaviour. To be able to judge the plastic 

material strain and the occurrence of deformation in the component, 

the plastic deformations actually appearing must be computed quanti

tatively with respect to the relevant functional criteria. For membrane 

stresses 1 Z of permanent strain is admitted, while for bending 

stresses 2 Z and for local peak stresses 5 Z are tolerable, unless 

the material has been affected by welding at the respective points. 

For velding seams the admissible values are only 50 Z because of the 

lower toughness and other properties of the weld material. The calcu

lated local plastic deformations yield the aggregate deformation of the 

component. The latter must lie within the limits set in the design 

specification. 

The lengthy calculations of plastic strains may be avoidable if the 

stress values determined by elastic analysis can be kept balow a bound

ary value derived from the hot yield point and the strain limit de

pendent on the operating time. However, in this case calculated strain 

values are not available to determine the deformation of the component. 

Therefore, the most adverse assumptions must be made here, i.e. a 1 Z 

strain must be supposed with a distribution that results in the most 

unfavourable aggregate deformation. 

Two approximate methods are also available for the combined creep/ 

fatigue evaluation. In this case the results of extensive plastic 
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analyses can be used or stress values are used that have been calcu

lated on the basis of tht elastic material behaviour similar to the 

method given in Section III, using fatigue curves. However, these 

curves are no longer exclusively dependent on the material temperature 

and the strain range but also on the hold times and the strain rate, 

which must therefore be taken into consideration. 

The comprehensive experimental material data required for a detailed 

stress analysis of the type traced here have so far been available for 

relatively few materials only. Consequently, the lack of suitable data 

has been a considerable inhibiting influence on this type of investiga

tions. 
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