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The conditions and active measures which preclude 
a spontaneous failure of pipings are shown. With 
the basic safety concept a quality standard is 
achieved characterized by high-grade material pro
perties, a structure that is adequate, to the loads 
to which the components will be subjected in ser
vice and is amenable to inspection, precise load 
and stress evaluation, optimized manufacturing and 
operation monitoring. The possible failure types 
are described and the safety against failure is 
assessed. 

INTRODUCTION 

Right from the beginning of the reactor technique, leak postulates 
were required in the safety related systems for the safety analy
sis. Also from the start it was accepted that the high quality of 
the pressure retaining walls of reactor components precludes the 
possibility of large-area breaks. Therefore the assumption of a 
double-ended guillotine break or of an equivalent longitudinal 
opening in the biggest pipings connecting the components was con
sidered plausible from the view of thermodynamics as a conserva
tive upper boundary for the possible spectrum of outflow openings. 
For the primary circuit of the Pressurized Water Reactor, these 
outflow cross sections and appertaining opening times were origi
nally only postulated for demonstrating the effective functioning 
of the emergency core cooling system and for designing the con
tainment and its internals. At a later stage the postulate of the 
double-ended opening of pipings was also used as a design basis 
for secondary measures such as hydrodynaale loads on internals, 
determination of jet and reaction forces which necessitated limit
ing structures (pipe whip restraints). This extension of a design 
postulate was not in every case the best solution and to some ex
tent it even led to non safety directed developments like overem
phasis on leaks of a large cross section and above all impediments 
to the accessibility of components as a result of pipe whip res
traints. Thus operation monitoring and in-service inspections are 
restricted. 
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Curing the last years the leak and rupture postulates have 
been considered and discussed on a broad basis. The conclusion 
was, tr.at it makes more sense to preclude breaks by an adequate 
basic safety of the pipings than to limit the consequences of 
breaks by secondary protective measures. 

The following possible failure types have to be studied to 
prove that breaks in pipings can be precluded: 

- brittle fracture 
- ductile fracture 
- fatigue and crack development 
- crack propagation 
- corrosion 

The starting basis to assess these failure types and the 
actual safety margins against failure are on the one hand the 
applied material and component quality and on the other hand the 
stresses occuring during operation. The criteria for this start-* 
ing basis result in the basis for the safety against failure 
(basic safety) and are laid down in the basic safety concept. 
Hereafter the quality features as laid down in the basic safety 
are described first and finally the above mentioned failure types 
are studied. 

BASIC SAFETY 

Material Quality 

High-grade material properties are realized. Extreme duc
tility, good homogenity and low defect frequency are achieved es
pecially by limiting the contents of certain trace elements and 
the application of optimized manufacturing technologies. Forged 
base material is exclusively used for the main coolant, steam and 
feed water lines. A uniform material is used for pipings and con
nected components to avoid pressure retaining weld joints of dif
ferent materials. 

. As the technological properties can only be measured by a 
destructive material testing, it has to be ensured, that values 
determined at the sampling locations also exist at every point in 
the component. This requirement is fulfilled by the provisions of 
the specifications in which the experience from research program
mes of several years duration and the statistics obtained from 
the manufacturing processes have gone. The uniformity of the 
mechanical-technological properties and the fulfillment of speci
fied minimum requirements as regards the base material, seam weld 
and heat affected zone has been demonstrated in the course of the 
certification of the material and the filler metals, and in many 
acceptance tests of the base material as well as procedure quali
fication, production and welding material tests. The supervision 
of manufacture by independent experts has shown, that these tech
niques and processes yield reproducible results in all respects. 
It has been demonstrated in the course of materials qualification 
and in-service inspections that the technological properties io 
not undergo any inadmissible changes while the component is in 
service. 
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Mechanical Design 

The main reason why mechanical design is of importance to 
the basis of safety down into its smallest details is that it has 
a major influence in particular on the fulfillment of the require
ments in respect of examinability, the assurance of the ability 
to withstand permissible loads and the ability of the manufacturer 
to master the manufacturing and fabrication techniques involved. 
With a mechanical design that is amenable to inspection and is 
adequate to the loads to which the component will be subjected in 
service, it is possible to remain with certainty within the safe
ty margin to the failure limit because the preconditions for main
taining an adequate safety margin can then be fulfilled in prac
tice. Pipings constructed in accordance with the basic safety con
cept are characterized by the following essential features: 

- The number of seam welds is minimized and they are away 
from the areas with relatively high stresses. Only seamless pipes 
and elbows are used. 

- The material strength layout is optimized and locally un
favourable stress conditions are avoided by constructional mea
sures, as for example permitting only very low edge displacements 
and placing reinforcement into the base pipe at cut-offs (nozzles). 

- Adequate design features ensure an unrestricted non des
tructive examination with a sufficient flaw detectability. 

- The thermal expansion of the system is influenced as little 
as possible by a suitable supporting concept by which forces re
sulting from a restricted thermal expansion are kept to a minimum. 

Examinations and Defect Condition of the Component 

The entire volume of each component is examined by the manu
facturer and by independent experts appointed by the authority. 
The test and examination requirements as regards detection of 
flaws are laid down in standards and specifications. These re
quirements are the outcome of long years of experience in testing 
and examination by independent inspection organizations and of 
Retailed qualification of the testing and examination techniques 
applied. 

With the ultrasonic examination flaw detectability is gov
erned by the reference reflectors used as model flaws to define 
the recording threshold. In addition to these model flaws, further 
allowance is made for influences such as angular orientation and 
poor reflection characteristics (roughness) of the flaw and for 
the signal-to-noise-distance achieved. The latter is a measure of 
how distinctly a flaw Indication stands out above the background 
signal level. The techniques employed in flaw detection are cap
able of determining the longitudinal extension of the flaw to an 
accuracy of within 5 mm (twice half the search unit pitch). 

Experience with examination programmes and repair work has 
shown that, thanks to the multiple in depth examination of the 
parts, a flaw with the dimensions 3 mm deep and 20 mm long is 
certain to be detected. 
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Loads on the Components 

In order to be able to predict the load on any point of the 
component during the entire service life, two factors must be 
known: 

a) the totality of the loads (load collective) 
b) a suitable calculation procedure. 

Re a) The Load Collective. The values characteristic for the 
loacs, like internal pressure, temperature transients and exter
nal forces are theoretically evaluated during the planning. All 
load cases to be expected during the service life are considered. 
Constraints resulting from differences in thermal expansion and 
thersal stresses as a result of local or general changes in the 
temperature of the coolant are covered by the design stress ana
lysis for all normal operation cycles and for all conceivable 
off-normal operation modes. 

For ensuring the load collective which has only been eva
luated theoretically an experimental check is desirable. The com
missioning period of a nuclear power plant is convenient for this 
purpose because all load eases except emergency and faulted con
ditions are tested to ensure the functionability of the plant. 

Thanks to the helpful cooperation of the owner, the load 
collective was able to be experimentally verified during the com
missioning period of the nuclear power plant Grafenrheinfeld in 
addition to the measurements already at hand. The entire primary 
circuit was equipped with more than 300 observation points espe
cially for strain, temperature and pressure measuring additional 
to the 40 measuring points of the normal operational instrumenta
tion. The full range of loads were picked up during the total 
commissioning time of nearly one year and the results of measure
ments have been recorded on tapes, which have stored 3000 million 
test data. The test data is recorded in such a way that a direct 
subsequent processing with computer programmes is possible. The 
experimental check ensures that the load collective on which 
design stress analysis calculations are based is exceeded neither 
quantitively nor as regards magnitude. The individual load tran
sients during operation of the system are recorded and counted so 
that it is impossible for the load collective to exceed the loads 
on which the analysis is based. 

Re b) Calculation Procedures. With the calculation procedures 
available today stresses and strains can be very precisely deter
mined at all locations of the pipings. 

- Internal pressure. The stresses resulting from internal pres-
sure are calculated using an analytical method from the formula 
valid for cylinders. Areas of stress intensification in bends or 
discontinuities are allowed for by use of stress coefficients or 
stress intensification factors taken from ASME or KTA. It has 
been demonstrated by finite element analysis and stress and 
strain measurements that these factors are conservative. 

- Temperature. Changes in the temperature differences (cold/ho:, 
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different operation conditions) cause different degrees of ther
mal expansion in the system materials. In order to be able to 
analyse and calculate these stresses the piping system is repre
sented as a calculation model with the aid of the finite element 
method. The special characteristics of the bends as regards elas
ticity and stress intensification are taken into account. These 
calculations yield the equivalent forces acting in the pipings, 
from which in the next step stresses are calculated, again making 
allowance for stress coefficients. Temperature gradients towards 
the centre line of nozzles or normal to the wall of the pipes are 
calculated using finite element analysis. The stresses arising 
out of the temperature gradients are taken into account. 

- Accidents as a result of external impacts. The movements and 
the resultant stresses in the pipings in the event of an earth
quake, aircraft crash and explosion pressure wave are determined 
in great detail. Using the time histories corresponding to the 
site-specific or KTA floor spectrum, a finite element shell model 
of the reactor building is calculated, containing also the masses 
of the components. In this way, the time history of the movement 
of the points of the building on which the piping system is sup
ported is obtained. These time histories are inputted into a de
tailed finite element model of the pipings. The output of these 
calculations are the time histories of the deformations and equi
valent forces. The maximum values are extracted from these time 
histories to ensure an adequate conservative margin. The corres
ponding stresses arising from service and accidents are then 
superimposed. Stresses due to aircraft crash and explosion pres
sure wave are calculated in a similar manner. 

- Vibration due to operation. The vibration of the pipings is 
measured during the commissioning of each new plant. Experience 
has shown the vibration amplitudes to be negligibly small and to 
have no effect on the fatigue strength of the material. 

Operation Monitoring 

In-service inspection is carried out to check the condition 
and the behaviour of the component after having been subjected to 
loading in service and during pressure testing. By means of this, 
flaws remaining after fabrication can be observed in their be
haviour and the occurence of new flaws can be recognized safely 
and early enough. Good accessibility, easily removable insulation 
elements and adequate equipment for mechanized examinations pro
vide the conditions for a quick and easy performance with low 
personnel exposure to radiation. On the reactor coolant lines, 
rails are arranged in the area of the elbows, that run in the 
necessary distance round the pipes and are swivelable so that 
both the seam welds and the elbows can be mechanically examined. 

In-service non-destructive examinations are performed as specified 
in the RSK-Guideline and the KTA Safety Standard. This means the 
following examination scope: 

- visual inspection of the pipings every 4 years 

- full volumetric examination of the weld region (seam weld 
plus adjacent base material region at least 20 mm to each side of 
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the seam) for longitudinal and transverse flaws by means of ultra
sonic examination using angle probes 

- 50 % of the welds are examined within each inspection in
terval of 4 years, i.e. all welds within 8 years 

- relatively high stressed areas of the base material such 
as elbows have to be representatively included in the examination 
scope. This can be done also by reducing the examination scope on 
sear, welds usual up to now. 

The in-service inspection ensures that a component condition 
that could make the component susceptible to fracture is detected 
in good time. 

FAILURE TYPES 

With the fracture mechanics a useful tool is available today to 
be able to assess the safety against failure. The methods of the 
fracture mechanics are based on established theories and have 
been experimentally confirmed. They take into account brittle and 
ductile material conditions, static and dynamic loads with and 
without the influence of a corrosive ambient. On the basis of 
world-wide cooperation there is general agreement on which proce
dures should be employed to give conservative assessment of any 
material flaws present in order to be able to assess their per
formance throughout the entire service life of the component. 

Brittle Fracture 

5y the application of tough materials which show a ductile 
fracture behaviour during the full operation range (temperature 
range occuring during operation) the possibility of a brittle 
fracture is excluded from the beginning. The results of the accep
tance tests show that the specified toughness values (nil ductil
ity temperature NDT < 0 °C, energy absorbed at the notched bar 
impact test at 0 °C 2 34 J as smallest single value, £ M J as 
average value, at 30 °C 2 68 J and at the upper plateau > 100 J) 
are minimum values and that the actual values as determined in 
acceptance testing are considerably higher both for the weld 
metal and for the base material. The absolutely ductile condition 
of the material to be used is guaranteed by the optimum toughness 
values together with the high quality of fabrication and proces
sing; thus brittle fractures are excluded. 

Ductile Fracture 

.A failure as a result of ductile fracture is only possible 
by inadmissibly high loads, both from internal pressure as well 
as from external forces (including forces from restricted thermal 
expansion) and by inadmissibly large defects. Thermal stresses 
and other secondary stresses have no influence, as they are self-
limiting, but they have to be taken into account when considering 
the safety margins for other failure types. Inadmissibly high in
ternal pressures are prevented by the operational instrumentation 
whicn is redundantly installed, and by the redundant safety and 
relief valves, which open at preadjusted pressures. The external 
mechanical loads are considered in the experimentally ensured 
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load collective. Periodical expansion and movement measurements 
ensure that additional loads caused by unexpected effects such as 
building settlement are recognised. 

It remains to be investigated as to how large a defect in 
the pipe wall must be to cause a rupture in the lines under the 
given loads. For this the critical through-wall crack length has 
to be determined. The load from the stress out of axial or cir
cumferential forces and from the bending stress is added together. 
When the sum of these stresses reaches the flow stress, failure 
of the pipe is predictable. A comparison of the calculation model 
with experiments show the conservativeness of the theory. 

The critical through-wall crack length has been evaluated at 
500 mm for the seam weld subject to the highest stress in the 
reactor coolant line considering the safe shutdown earthquake. 
The comparison with the flaw found to be still just acceptable 
(30 mm long, 4.2 mm deep) during acceptance testing in figure 1 
shows that there is a considerable safety margin. 

Fatisue and Crack Formation 

For the assessment of the crack formation as a result of 
alternating stresses (fatigue) the sum of the primary, secondary 
and peak stresses has to be taken into account. The stress ampli
tudes with their corresponding numbers of load alternations are 
determined for the various load cycles during the life period 
(pressure and temperature changes). The different load cycles are 
added with the aid of the damage hypothesis of Miner and the 
usage factor is determined 

^.w = usage factor 

n = actual number of load alternations 

!J z permissible number of load alternations 

The permissible numbers of load alternations can be taken 
out of the fatigue curves in the ASME-Code. Safety against crack 
formation is given when the usage factor does not exceed the 
value of 1. 
4 

For all points of the large pipings of the pressurized water 
reactor it is proved that the usage factor is smaller than 1. A 
failure as a result of fatigue could only then occur when the 
crack propagation caused by load alternations on an already exis
ting defect is so high, that a critical size for a ductile frac
ture is reached. 

Crack Propagation 

On the already mentioned example of the seam weld subject to 
the highest stress in the reactor coolant line, the propagation 
sf a flaw found to be still just acceptable (30 mm long, U.2 mm 
ieer) during acceptance testing under the specified load colleo-
tive is shown. Crack propagation is determined using the propaga
tion rates under aqueous conditions given in ASME-Code, Section 
:<:, Appendix A. For the sake of conservativeness, all stresses 
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•re taken to be constant over the entire wall. The propagation of 
the flaw under the specified load collective is 2 mm in the length 
and 1 mm in the depth. This crack would take *»7 times the complete 
load collective to propagate to the critical depth of about 90 % 
of the wall thickness. At this point it would break through the 
remaining wall and produce a stable leak with a length of 100 mm. 
A full scale representation is also shown in figure 1. 

This stable leak would take many years to grow very slowly 
to its critical through-wall crack length of 500 mm. Only then 
could a guillotine break be expected. If it is set aside, that 
defects which are of a size to produce a stable leak, would have 
been discovered with the in-service inspection long before, the 
leak would be detected by the different leak monitoring systems 
installed in the reactor building, long before it could achieve 
a critical size. 

Corrosion 

The formation of flaws caused by inadmissible ambient in
fluences i.e. corrosion, is precluded by suitable water chemistry, 
by the selection of suitable materials and by the design. Such 
influences would be particularly dangerous if they were able to 
cause damage in the intervals between in-service examinations. 

The entire inner surface of the reactor coolant lines is 
clad with a stabilized austenitic CrNi steel, in whic* the «t?hi-
lizing additive (Nb) makes sensitization impossible u;»..; ÜC. ̂ „1 
thermal load conditions. Sensitization, however, is one of the 
pre-conditions for the occurence of intergranular stress cor
rosion cracking. Thanks to the high quality of the reactor cool
ant, which is subject to constant monitoring, both inter-crystal
line and trans-crystalline stress corrosion cracking may be ruled 
out. 

The steam and feedwater lines are protected from further 
corrosion by a magnetite protective layer under the existent con
ditions (temperature, clean water). The feedwater has additives 
of ammonia to achieve an index of pH > 9.5 and hydrazine to ab
sorb residual oxygen. The protective layer might crack during 
start up and shut down. However, it is built up again during 
operation and the former corrosion protective effectiveness is 
achieved. Stress corrosion cracking can be excluded as there are 
no chemical conditions which lead to this corrosion type. 

On the outside the pipings are surrounded by removable insu
lation to allow visual inspection and non-destructive examination. 
The ambient medium is dry air. Local moisture as a result of 
leaks, is detected in good time and can be reliably localized. 
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