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ABSTRACT 

The sixth in a series of international Leak-Before-Break (LBB) Seminars was held at Hotel Sofitel in Lyon, 
France on October 9 through 11, 1995. The seminar updated international policies and supporting 
research on LBB. The more than 210 attendees that joined the meeting included representatives from 
regulatory agencies, electric utility representatives, fabricators of nuclear power plants, research 
organizations, and academic institutions. 

The objective of the seminar was to present the current state of the art in LBB methodology development, 
validation, and application in an international forum. With particular emphasis on industrial applications 
and regulatory policies, the seminar provided an opportunity to dompare approaches, experiences, and 
codifications developed by different countries. 

The seminar was organized into four topic areas: 
Status of LBB Applications 
Technical Issues in LBB Methodology 
Complementary Requirements (Leak Detection and Inspection) 
LBB Assessment and Margins. 

In addition to the formal sessions where papers were presented by participants from France, Germany, 
Japan, Korea, Belgium, the United Kingdom, the Czech Republic, Finland, Russia, Sweden, Canada, the 
Netherlands, and the United States, informal LBB poster sessions were available outside the presentation 
hall. A keynote address (see Appendix B) by Mr. J. Branchu, Head of the Primary Nuclear Components 
Division of Framatome, was delivered at the LBB 95 Banquet and summarized the goals and objectives of 
the seminar. 

As a result of this seminar, an improved understanding of LBB gained through sharing of different 
viewpoints from different countries, permits consideration of: 

Simplified pipe support design and possible elimination of loss-of-coolant-accident (LOCA) 
mechanical consequences for specific cases 

Defense-in-Depth type of applications without support modifications 

Support of safety cases for plants designed without the LOCA hypothesis. 

In support of these activities, better estimates of the limits to the LBB approach should follow, as well as 
an improvement in codifying methodologies. 
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SESSION 1: STATUS OF LBB APPLICATIONS 



LBB APPLICATION IN THE U.S. 
OPERATING AND ADVANCED REACTORS 

K. Wichman, J. Tsao, M. Mayfield 
U.S. Nuclear Regulatory Commission 

The primary pressure boundary piping in U.S. nuclear power plants is designed and 
constructed to stringent standards, and the materials and fabrication processes assure a 
high degree of ductility. In addition, the U.S. Nuclear Regulatory Commission 
(USNRC) regulations require postulation of instantaneous doubleended guillotine breaks 
(DEGB) in the large pipes for the purposes of designing other safety system, such as 
the ECCS system, and for setting other design criteria, such as the environmental 
qualification requirements for electrical and mechanical equipment. 

Beyond these design considerations, evaluation of the potential effects associated with 
the DEGB of the large piping led to concerns about asymmetric blowdown loads on the 
reactor internals and the pressure vessel supports. If the DEGB was treated as a 
realistic possibility, it was difficult to demonstrate that the integrity of the intemals and 
vessel support system would not be challenged. 

However, the DEGB was not generally believed to be a realistic event for the large 
diameter pipe because of the ductile materials and the relatively low loads even under 
postulated accident loads. Rather, it was expected that any cracks that might develop 
during service would produce detectable leaks that would permit the plant operators to 
safely shut down the plant rather than resulting in the catastrophic rupture of the pipe; 
that is, the piping would leak before it would break. The challenge was to 
quantitatively demonstrate this leak-before-break behavior. 

In addition to requiring postulation of the DEGB for the large diameter pipe, the 
USNRC staff has required the postulation of breaks in other piping systems in 
evaluating a variety of design considerations. Similar to the situation with the DEGB of 
the large diameter pipe, consideration of these non-mechanistic breaks in other system 
led to the imposition of requirements for pipe whip restraints and jet impingement 
barriers for many piping systems, even for systems where leak-beforebreak conditions 
were anticipated. Again, the challenge was to quantitatively demonstrate leak-before- 
break. 

The USNRC staff and the nuclear industry performed extensive analyses and, as 
neasary, developed technical approaches to demonstrate leak-before-break for the 
primary system piping. On February 1, 1984, the USNRC issued Generic Letter 84-04 
accepting that the doubleended guillotine break of the PWRs primary loop piping was 
unlikely to occur, provided it could be demonstrated by deterministic fracture mechanics 

1 



analyses that postulated small through-wall flaws in plant-specific piping would be 
detected by the plant's leakage monitoring systems long before the flaws could grow to 
unstable sizes. 

The staff continued its evaluation of leak-before-break and in November 1984, the 
limitations and acceptance criteria for the LBB analysis was published in the USNRC 
document, NUREG-1061, Volume 3. Publication of these limitations and acceptance 
criteria eventually led the Commission to modify General Design Criterion (GDC) 4 of 
Appendix A to Part 50 of Title 10 of the Code of Federal Regulations (CFR) to 
eliminate the requirement to postulate DEGB for piping that met rigorous acceptance 
criteria. Additionally, the staff has published a draft of Standard Review Plan Section 
3.6.3, "Leak Before Break Evaluation." 

Since the mid-l98O's, the NRC has reviewed and approved LBB analyses submitted by 
individual licensee or owners groups. The LBB technology has provided the USNRC 
not only a challenge to the regulatory process but also impetus to the development of 
advanced fracture mechauics analysis of degraded piping, which was sponsored by the 
NRC with the cooperation of the nuclear industry. 

The balance of this paper describes the regulatory application of LBB in the U.S. and 
the developments in the technology that have supported this application. 

LBB APPLICATIONS FOR OPERATING REACTORS 

The NRC has approved 76 PWRs for the application of LBB in the primary coolant loop 
to eliminate pipe whip restraints and jet impingement barriers (see the attached table). 
LBB was applied to the hot legs, cold legs, and crossover legs with an average nominal 
diameter of 88.9 cm (35 inch). They were fabricated from austenitic stainless steel 
SA 376 Type 316; wrought stainless steel SA 376 Type 304N; cast stainless steel 
fittings SA351 C8M or CF8A; or ferritic steel SA 516 Grade 70 and SA 106 Grade C. 

Some of the LBB applications for the above primary loop piping were based on NRC 
approved topical reports submitted by owners groups. For those licensees who were 
covered by the topical report and applied for LBB, the USNRC requires that their plant 
specific leak detection system satisfies USNRC Regulatory Guide 1.45, "Reactor 
Coolant Pressure Boundary Leakage Detection Systems. " 

Initially, LBB application was primarily for the primary loop piping; however, as 
operating experience has accumulated, licensees have applied LBB to other high energy 
lines to improve operational safety and performance. For example, licensees have 
found that pressurizer surge lines have developed thermal str?ification which caused the 
pipe to move more than the design value in the original stress analysis. This thermal 
stratification posed a challenge to the LBB analysis for the surge line. The loads caused 
by the thermal stratification are in addition to the normal and faulted loads. Certain 
pipe restraints had to be removed to allow free movement and the fatigue usage factor 
had to meet the ASME Code limit. Some surge lines barely satisfied the USNRC 
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required margin of 2 on crack size. The USNRC was able to approve, however, LBB 
for 12 pressurizer surge lines. 

Other piping that has been approved for LBB included 12 accumulator lines and one 
injection line of the Safety Injection (SI) System. The accumulator line is typically 30.5 
cm (12 inch) nominal diameter with 0.927 cm (0.365 inch) thickness and is fabricated 
from austenitic stainless steel SA 312 TP 403. The accumulator line provides 
emergency core cooling injection to each of the cold legs at a pressure of about 4.8 
MPa (700 psia). The safety injection line is typically 15.2 cm (6 inch) nominal 
diameter with a thickness of 1.82 cm (0.718 inch) and is fabricated from austenitic 
stainless steel SA 376 Tp 316. The SI line provides core cooling at a pressure of 10.3 
MPa (1500 psia). 

There were six residual heat removal (RHR) system lines approved for LBB. LBB was 
applied to the high pressure portion of the RHR piping that connects to the hot legs, 
which provides suction water to the RHR pumps during shutdown cooling. The piping 
is typically 32.4 cm (12.75 inch) outside diameter with a thi~kness of 2.86 cm (1.125 
inch) and is fabricated from austenitic stainiess steel SA 376 TP 316. 

Five reactor coolant (RC) loop bypass piping systems were approved for LBB. The RC 
bypass line connects the hot and cold legs of each primary loop and provides a 
recirculation path to a loop isolated from the reactor. The bypass line is typically 21.9 
cm (8.625 inch) outside diameter with a thickness of 2.30 cm (0.906 inch). The piping 
is fabricated from austenitic stainless steel SA 312 or SA 376 TP 304. 

In addition, the installation of permanent neutron shield/pool seals over the reactor 
vessel annulus was based on LBB application. The existing shield/pool seal needed to 
be removed during every refueling, which incurs personnel radiation exposure. A 
removable seal was originally installed because a permanent seal would not sustain the 
pressure loads from an LOCA event. With LBB approved, the postulated LOCA loads 
would not be considered for the pool seal, and thus a permanent seal could be installed. 

Not all applications for LBB has been approved by the USNRC staff. For example, the 
USNRC has not approved any applications for BWR plants because the proposed LBB 
analyses have not satisfactorily addressed the susceptibility of the piping to intergranular 
stress corrosion cracking (IGSCC). The USNRC has also denied an application where a 
licensee proposed LBB on a 3.2 cm (1.25 inch) outside diameter line of the reactor 
coolant pump seal cooler. 

LBB APPLICATIONS FOR ADVANCED REACTORS 

In SECY-93487, the USNRC staff recommended to the Commission that the LBB 
approach be approved for both evolutionary and passive advanced light water reactors 
(ALWRs) seeking design certification under 10 CFR Part 52, in lieu of postulating pipe 
breaks as required by GDC 4. This approval was limited to instances in which 
appropriate bounding limits are established using preliminary analysis results during the 
design certification phase and verified during the combined operating license (COL) 
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phase by implementing appropriate inspections, tests, analyses, and acceptance criteria 
(ITAAC). The Commission approved the staffs rmmmendation in its memorandum 
dated July 21, 1993. The staff also noted in SECY-93-087 the need to develop specific 
details as the process is implemented. 

In CESSAR-DC for the System 80+ design, ABB-CE stated that the Class 1 piping 
with a diameter of 25.4 cm (10 inch) or greater and the main steam line (MSL) piping 
meet all the criteria for the application of LBB. The USNRC, however, must review 
the LBB analyses for specific piping design before ABB-CE can exclude the dynamic 
effects from the design basis. Applicants seeking design certification for A L W  under 
10 CFR Part 52 should establish preliminary stress analysis results, provided bounding 
limits (both upper and lower bound) are determined, in order to establish 8ssuf~1zce that 
adequate margins are available for leakage, loads, and flaw sizes. 

For through-wall flaw sizes, a lower bound, normal-operational stress limit must be 
established for dead weight, pressure, and thermal loadings. The mean or bestestimate 
stress-strain curve should be used. For flaw stability, an upper-bound stress limit 
should be established for normal loadings plus safe shutdown earthquake (SSE). A 
lower-bound stress-strain curve for base metal should be used regardless of whether the 
weld or base metal is limiting. In addition, a lower-bound toughness (weld metal or 
base metal) should be used. 

These bounding values and preliminary analyses should be verified when as-built and as- 
procured information become available during the COL phase. Verification of the 
preliminary LBB analysis should be completed at the COL stage based on actual 
material properties and final, as-built piping analyses as part of ITAAC associated with 
10 CFR Part 52 before fuel loading. The staff position on IJ3B application is stated in 
SECY-93-087 and the Commission approved it on July 21, 1993. 

ABB-CE stated that it will perform bounding LBB evaluations based on pre- pipe 
design analyses for piping evaluated for LBB using the guidelines of NUREG-1061, 
Volume 3. For each piping system evaluated for LBB, potential degradation 
mechanisms, steam hammer and water hammer, and thermal stratification were to be 
considered, as applicable. In addition, dynamic strain aging of carbon steel, 
environmental effects on fatigue, and thermal aging of cast stainless steel piping were to 
be considered in each LBB evaluation as appropriate. Each LBB piping system was to 
be evaluated from anchor point to anchor point. Leakage detection outside the 
containment would be considered for the MSL if the anchor-to-anchor portion of the 
piping evaluated includes piping that can leak outside the containment. A leak detection 
capability of 3.79 L/min (1.0 gpm) was to be used with a factor of 10 for calculating 
the length of a leakage crack. ABB-CE also submitted a reference for benchmarking its 
LBB calculations. 

ABB-CE proposed to use the LBB acceptance limits given in NUREG-1061, Volume 3, 
to derive corresponding acceptable stress limits for the LBB piping. ABB-CE stated that 
the acceptable stress limits would form a "window" in stresses and the COL applicant 
would have to verify that the piping is within this window during the COL stage to 
justify the application of LBB. This window concept is a new approach in meeting the 



staff's established LBB criteria. The staff noted that ABB-CE should perform the 
bounding LBB analyses based on the actual pipe routing. 

Subsequently, the staff found that p r e l i m i ~ ~ ~  pipe routings were used in the bounding 
LBB analyses, and that stresses in LBB candidate piping systems were within the 
acceptance limits (or window) based on NUREG-1061, Volume 3. The prelimbry 
routings were of conventional design. The stresses met the ASME Code and the LBB 
acceptance limits with ample margins. Consequently, the earlier USNRC concern was 
alleviated because it is extremely unlikely that the actual routings of the LBB candidate 
piping systems in the COL stage will not be able to meet the acceptance window limits. 
The USNRC staff also found that the related subcompartments are designed to withstand 
the pressures d t i n g  from pipe breaks not eliminated by LBB, leakage cracks in 
piping for which LBB is approved, and postulated high-energy leakages from other 
sources. Thus the USNRC concluded that this ABB-CE approach was acceptable and 
asked ABB-CE to submit its bounding LBB analyses for USNRC review and approval 
for design certification. 

I 

CESSAR-DC indicated that LBB analyses are to be performed for the following piping 
systems: 

* main coolant loop point, hot and cold legs 
* surge line 
* direct vessel injection line (main run inside the containment) 
* shutdown cooling line (main run inside the containment) 
* Main steam line (main run inside the containment) 

Westinghouse proposes to use LBB extensively for its -600 passive ALWR design. 
There are many controversial aspects to Westinghouse's planned LBB application which 
the USNRC staff is c w n t l y  reviewing. These include: 1) application to main 
feedwater piping (inside containment); 2) application to piping as small as 10.2 cm (4 
inch) nominal diameter; 3) use of 1.89 Llmin (0.5 gpm) as the technical specification 
value for unidentified leakage and use of this leakage limit in the LBB analysis of piping 
inside containment. 

LBB TECHNOLOGY DEVELOPMENT 

Clearly, LBB has been applied widely in the U.S. since 1984. However, the technology 
that was used to resolve the asymmetric blowdown load concerns was not adequate to 
mpport the numerous applications of LBB described in the preceding section. Rather, 
the technology has evolved and been refined to support the applications. 

The USNRC has maintained an active research program addressing pipe cracking, 
fracture analysis methods, material property evaluations, and other supporting analysis 
methods, such as leak rate estimation methods. 

At the time the asymmetric blowdown load issue was being evaluated for PWRs, 
IGSCC was a major concern for BWRs. Thus, in the early 1980's the USNRC initiated 



the Degraded Piping Program (1981-1989), and subsequently the Short Cracks in Piping 
and Piping Welds program (1990-1994). This research was to perform piping integrity 
research emphasizing fracture of stainless steel pipe and welds containing defects 
representative of IGSCC. However, the work waa quickly expanded to address a wide 
variety of materials and material conditions, including carbon steels and welds, Inconel, 
and thermally aged cast stainless steels. 

The research included the development of fracture analysis methods, material property 
measurements to provide typical properties for use in the analyses, and pipe fracture 
experiments to validate the analysis methods. Additionally, early work was underway to 
develop and validate leak rate estimation methods as a key consideration in applying 
leak-beforebreak. 

The initial piping integrity research used slow loading rates, primarily because of the 
testing difficulties associated with more rapid loadiig rates. Additionally, it was 
generally believed that the loading rates associated with seismic events would not be 
sufficiently high to affect the fracture toughness of the piping materials. Another major 
factor was the high cost of performing realistic pipe fracture experiments under seismic 
loading conditions. 

However, by the mid-l98O’s, interest in performing pipe fracture experiments under 
realistic pressure and temperature conditions and at representative seismic loading rates 
had grown. The International Piping Integrity Research Group (IPIRG), an international 
consortium of government and industrial organizations, was formed to conduct such 
experiments. Over the last 10 years, this group has supported a multi-million dollar 
research program that has advanced the state-of-the-art in pipe fracture analysis to the 
point that the fracture behavior of cracked pipe can be confidently predicted. 

The research supported solely by the USNRC, combined with the IPIRG research, has 
produced approximately 150 pipe fracture experiments with diameters ranging from 10.2 
cm (4 inch) to 106.7 cm (42 inch) nominal pipe size, with wall thickness ranging from 
approximately 0.635 cm (0.25 inch) to over 8.9 cm (3.5 inch). Additionally, material 
properties have been measured for over 75 different base metals and welds. These data 
provide an extremely strong validation of and technical basis for implementing LBB 
analysis methods. 

summaw 

The leak-before-break concept has been accepted in the U.S. for a variety of piping 
systems that can meet rigorous acceptance criteria. The early implementation resolved a 
significant issue for PWRs. Subsequent applications have permitted removal of pipe 
whip restraints and jet impingement barriers for a number of systems. Additionally, the 
LBB concept has been applied in the design of an advanced reactor system. While the 
application of the technology has been relatively rapid, it has been fully supported by an 
aggressive research program that has provided the technical bases for advancing the 
technology and the experimental validation of the key analysis methods. 
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Leak-before-break has evolved into a key regulatory position in the U.S. It has 
provided the double benefit of improved safety at r e d u d  cost for present reactors, and 
its application is an important consideration in new designs. From a highly focussed 
beginning, LBB has evolved into a vital consideration in the design and operation of 
nuclear reactor piping system, both in the U.S. and many other countries. 

Piping system for LBB Application 

Reactor Coolant System-Primary Loop Piping 

Pressurizer Surge Lines 

Safety Injection Accumulator Lines 

Residual Heat Removal Lines 

USNRC APPROVED PIPING SYSTEMS FOR LBB IN OPERATING REACTORS 

AS OF AUGUST 1995 

Number of plants approved 

76 

12 

10 

6 
% 

Safety Injection Lines I 1  II 
Reactor Coolant Loop Bypass Lines 5 I 

, 
I 
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ADDITIONAL REQUIREMENTS FOR LEAK-BEFORE-BREAK APPLICATION TO 
PRIMARY COOLANT PIPING IN BELGIUM 

G. Roussel 
AIB Vinsotte Nuclear, Brussels, Belgium 

ABSTRACT 

Leak-Before-Break (LBB) technology has not been applied in the fxst design of the seven 
Pressurized Water Reactors the Belgian utility is currently operating. The design basis of these 
plants required to consider the dynamic effects associated with the ruptures t<be postulated in the 
high energy piping. The application of the LBB technology to the existing plants has been recently 
approved by the Belgian Safety Authorities but with a limitation to the primary coolant loop. 

LBB analysis has been initiated for the Doel 3 'and Tihange 2 plants to allow the withdrawal of 
some of the reactor coolant pump snubbers at both plants and not reinstall some of the restraints 
after steam generator replacement at Doel 3. LBB analysis was also found beneficial to 
demonstrate the acceptability of the primary components and piping to the new conditions resulting 
from power uprating and stretch-out operation. LBB analysis has been subsequently performed on 
the primary coolant loop of the Tihange 1 plant and is currently being performed for the Doel 4 
plant. 

Application of the LBB to the primary coolant loop is based in Belgium on the US. Nuclear 
Regulatory Commission requirements. However the Belgian Safety Authorities required some 
additional analyses and put some restrictions on the benefits of the LBB analysis to maintain the 
global safety of the plant at a sufficient level. 

This paper develops the main steps of the safety evaluation performed by the Belgian Safety 
Authorities for accepting the application of the LBB technology to existing plants and summarises 
the requirements asked for in addition to the U.S. Nuclear Regulatory Commission rules. 



INTRODUCTION 

Under the amendment to GDC-4 (Ref.[ I]), the U.S. Nuclear Regulatory Commission (NRC) allows 
the use of an LBB analysis to exclude from the design basis the "dynamic effects" associated with 
postulated pipe ruptures of primary coolant loop piping in Pressurized Water Reactors. 

Before authorizing the Belgian utility to apply the LBB technology to existing plants, the Belgian 
Safety Authorities reviewed the benefits of the LBB analysis as set forth by the U.S. NRC rules. 
Their review was made with reference to the defence-in-depth principles and led to define the 
conditions and limitations under which the LBB technology was allowed to be used for the reactor 
coolant circuit of existing plants. 

POSTULATION OF THE LOCA 

LOCA as a Design Basis Accident 

The third level in the defence-in-depth concept is achieved by providing the plant with additional 
systems (Engineered Safety Features -ESF - systems) - as well as with the part of the Reactor 
Protection System necessary to initiate these systems - in order to limit the consequences of 
extremely unlikely accidents to an acceptable level for the public. In addition to the ESF systems, 
the reactor core and internals in conjunction with the reactor coolant system will be designed to 
ensure sufficient core reactivity control and core cool& during these events. 

The postulation of the Loss-Of-Coolant-Accident (LOCA) originates so from the technical safety 
objective which requires to consider in the design of the plant those accidents of low probability. A 
design basis accident is then defined for each range of relating possible initiating events which could 
challenge the safety of the plant. The design basis accidents include the Loss-Of-Coolant-Accident. 
A deterministic analysis is performed to predict the course of the event and all its reallistically 
conceivable consequences. The analysis shall define the design parameters of the ESF sytems 
which are necessary to halt the progress of the LOCA and, when necessary, to mitigate its 
consequences. 

Safetv Design Principle 

Most aspects of safety design are connected with the three functions that protect against the release 
and dispersal of radioactive material :(i) controlling core power /core shutdown, (ii) core cooling, 
and (E) confinement of released radioactive fission products. 
For the purpose of designing a nuclear power plant to cope with the postulated design basis 
accidents, design requirements are set forth to ensure that these functions are not impaired by the 
LOCA. 



Core shutdown 
In order that the boron delivered by the Emergency Core Cooling System (ECCS) together with the 
control rods provide sufficient negative reactivity for safe shutdown after LOCA, the reactor core 
and internals shall be designed so that their geometry is maintained after LOCA to allow the control 
rods to fall in the reactor core and the borated water to be delivered to the core. 

Core cooling 
- The ECCS shall be designed to ensure adequate core cooling in the event of a LOCA. 
- The reactor vessel internals shall be designed to ensure the capability of the core to be cooled after 
the occurrence of a LOCA. 
- The primary loop supports shall be designed to prevent large distorsion of the piping during a 
LOCA in order to ensure that water from the ECCS enters the reactor vessel. 
- The containment structures and containment systems shall be designed to absorbe the energy 
released in the containment after a LOCA. 

, 

Confinement of released radioactive fission Droducts 
- Containment shall be designed to contain radioactive material leakage or releases from equipment 
located within the containment after the occurrence of a LOCA. 
- The steam generator tube bundle shall be designed to ensure its integrity after the LOCA and so to 
avoid containment bypass and escape of radioactive fission products directly to the environment. 

Two specific principles are also included for safety reasons, (i) equipment qualification and (i) 
non-increase of the severity of the accident. 

Equipment aualification 
Mechanical and electrical equipment that are essential to emergency reactor shutdown, containment 
isolation, reactor core cooling, and containment and reactor heat removal shall be qualified to the 
environmental conditions that would prevail if they were required to function after a LOCA. 

Non-increase of the severity of the accident 
Design provisions shall be made at the design stage to maintain the LOCA accident within the 
design basis. Design provisions shall therefore be taken in order that : 
- a Reactor Coolant System (RCS) pipe break is limited to the leg in which the break started 
- an RCS pipe break does not cause a steam or feedwater line break 
- propagation of a "small" break to a "large" break is prevented 
- an RCS pipe break does not cause a steam generator tube rupture. 

MECHANICAL ANALYSIS TO LOCA (PRIOR TO RULE CHANGE) 

According to the Appendix A to 10 CFR Part 50, "Loss of coolant accidents mean those postulated 
accidents that result from the loss of reactor coolant at a rate in excess of the capability of the 
reactor coolant makeup system from breaks in the reactor coolant pressure boundary up to and 
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including a break equivalent in size to the double-ended rupture of the largest of the pipe of the 
reactor coolant sys tem". 

The containment design, ECCS performances and qualification of mechanical and electrical 
equipment are based on a complete spectrum of breaks type and size. 

From the 1970s, the analysis of the reactor coolant circuit (piping, components and supports) and 
the reactor vessel internals is based on the postulation of specific pipe breaks in the primary circuit. 
In a generic analysis performed by Westinghouse (Ref.[2]), the postulated locations and types of 
pipe breaks are derived from the results of a stress and fatigue analysis. Eleven pipe breaks are 
postulated in each loop, ten of which are double-ended guillotine breaks and one of which is a 
longitudinal break. The loads resulting from a LOCA depend on the size of the break area and on 
the opening time of the break. The full cross sectional flow area of a circumferential break is not 
considered in the analysis if the presence of restraints limits the displacement of piping and 
components and so allows to justify a lower value of the break area. In the conventional break 
assumptions based on conservative estimates of equipment/piping displacements, the 
Circumferential breaks on the primary piping -with the exception of the break postulated at the 
reactor coolant pump (RCP) outlet nozzle - have an opening area of less than 144 square inches. 
At the RCP outlet nozzle, a guillotine break of a double-ended pipe cross sectional flow area (2 X 
4.125 square feet) is assumed. The circumferential breaks postulated at the connections of the 
auxiliary lines (Pressurizer Surge line, Safety Injection line, Residual Heat Removal line) with the 
primary piping have double-ended pipe cross sectional flow area. The opening area of the 
longitudinal bre* postulated on the intrados in the elbow of the steam generator inlet is equal to 
one time the flow area (5.241 square feet). The conventional opening time of the pipe breaks is 
assumed to be 1 msec. 

RULE CHANGE TO GDC-4 

The final "limited" scope rule published on llAprill986 (Ref.[ 13) amends GDC-4 by permitting the 
use of LBB analyses to eliminate from the design basis the dynamic effects associated to postulated 
pipe ruptures of primary coolant piping of PWRs. On 27 October 1987, a final "broad scope" rule 
(Ref.[3]) amends GDC-4 to permit the use of LBB analyses in all high energy piping. 
Limiting the LBB analysis to the primary coolant piping leads to postulate breaks only at the branch 
connection of the auxiliary lines (Pressurizer Surge line, Safety Injection and Residual Heat 
Removal) with the reactor coolant loops. 
Analysis of the U.S. NRC documents (GDC-4, Statement of Consideration, S W  3.6.3 in Ref.[4]) 
and examination of the available documents (i.e., Safety Analysis Reports of U.S. plants and U.S. 
NRC Safety Evaluation Reports) lead to the plausible interpretation that the application of LBB 
allows to not consider : 
(i) the loading of the primary component supports due to the pipe break reactions 
(ii) the subcooled blowdown loading of the reactor vessel internals 
(iii) the subcooled blowdown loading of the steam generator internals (divider plate and tube 

bundle) 
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(iv) the asymmetric pressurization of the reactor cavity 
(v) the effects resulting from pipe whipping, jet impingement and missiles. 

The U.S. NRC rules clearly exclude the containment design, the ECCS performances and the 
qualification of the mechanical and electrical equipment from the benefits of the LBB analysis. 
The consequences of the LBB analysis on the protection of the unbroken loops against the effects 
from the broken leg (by the physical separation with concrete structures and by the decoupling of 
the mechanical effects at the reactor vessel) are not clearly stated in the U.S. NRC documents. 

CONSEQUENCES OF THE MODIFIED GDC-4 

Inconsistencv in the MitiPation Measures 

Before the GDC-4 was amended, the design bases for the reactor coolant circuit (piping, heavy 
components and their intern&, supports), the containment' systems, and the ECCS and the 
requirements for qualification of the mechanical and electrical equipment were coherent. 
The modified GDC-4 introduces an inconsistency in the mitigation measures to face a LOCA 
Firstly, it does not seem logical not to consider a double-ended guillotine break for designing the 
reactor intemals and core whereas this break is assumed in the design basis of the ECCS. Secondly, 
the question can be raised why the ECCS should be designed for a double-ended guillotine break if 
the mechanical effects impair the core assembly geometry to such an extent that control rods cannot 
be dropped and the core cannot be adequately cooled or cause such large distorsion of the primary 
piping that the ECCS water cannot enter the reactor vessel. 
The U.S. NRC acknowledged this inconsistency and clarified its position by introducing the 
distinction between the local and the global effects (Ref.[5]). However this clarification does not 
address the consequences on core reactivity control and core cooling of the large distorsions of the 
reactor core and internals or primary piping. 

Non Increase of the Accident Severity 

The safety requirement for non increasing the severity of the accident does not seem to have been 
considered. 

Protection Aminst Non-Identified Events 

For each plant condition a limited number of events is defined. These were analyzed to ensure that 
they enveloppe other (non identified) related possible initiating events belonging to the same plant 
condition. By eliminating from the design basis the dynamic effects associated with the postulated 
LOCA, the protection against some effects of the related possible initiating events could have been 
lost. 



The consequences of the elimination of the protection against the dynamic effects of the LOCA on 
the protection against the related possible initiating events do not seem therefore to have been taken 
into account. 

BELGIAN SAFETY AUTHORITIES POSITION 

AmlvinP Modified GDC-4 vs Retaininp Safetv Marens 

The concept of defence-in-depth relies first on preventing the event and then mitigating the 
consequences. There is so far no reason to change this concept. 

The consequences of the amendment to the GDC-4 on the measures mitigating the design basis 
LOCA should be analyzed. The modified GDC-4 does not change the design bases for the 
containment systems and the ECCS nor &e requirements for qualification of the mechanical and 
electrical equipment. The elimination of the dynamic effects from the design basis of the reactor 
coolant circuit have potential consequences which cannot be accepted as such. The elimination of 
the mechanical effects associated to the postulated primary pipe breaks could result in unacceptable 
consequences in terms of core shutdown, core cooling and non-increase of the accident severity. 
Indeed, the modified GDC-4 results in decreasing the structural capacity of the 

- primary component supports 
- reactor cavity 
- reactor core and internals 
- steam generator tube bundle 

and it furthermore does not consider the pipe whip nor jet impingement effects. 

In a situation where an LBB analysis is only performed on the main primary piping but not on the 
auxiliary lines, the design basis circuit includes pipe breaks up to about 100 square inches. If the 
application of the LBB is extended to all auxiliary lines, as permitted by the modified "broad scope'' 
GDC-4, the consideration of the dynamic effects of any pipe break shall be excluded from the 
design basis of the reactor coolant circuit. This would lead to an unacceptable safety loss in terms 
of core shutdown, core cooling and non-increase of the accident severity. 

&Limited) Reevaluation of the Present Situation 

Nevertheless a reevaluation of the conventional situation, i.e. before the amendment to the GDC-4, 
is deemed necessary and this leads to some suggestions for adjusting the mitigating measures. The 
key points of this reevaluation are : 
(i) The protection against the pipe whip and impingement effects is somewhat theoritical. Pipe 

breaks occurring at locations different from the postulated locations cannot be excluded. Moreover 
experiments have shown that severance schemes different from the schemes postulated 
(circumferential or longitudinal break) can also be expected. The actual restraints are not 
demonstrated to ensure protection against breaks different from the postulated breaks with respect 
to location or severance scheme. 
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(3) The assumed conventional opening time of 1 msec is very penalizing for the calculation of the 
blowdown loads and is also believed to be unnecessarily conservative. The use of more realistic 
opening times should lead to lower loads. 

Acceptable Modifications to the Design Bases 

The suggestions for adjusting the mitigating measures are based on : 
(i) the acknowledgment that by removing the restraints and some of the snubbers, some of the 
construction features installed to ensure the non-increase of the severity of the event and the core 
cooling are eliminated, 
(ii) the requirement that all the remaining features to mitigate the consequences of the LOCA shall 
be maintained because LOCA sources other than the primary pipe breaks and the related possible 
initiating events envelopped by the design basis LOCA are still to be considered. 

The suggestions for adjusting the mitigating measures are : 
(i) The LBB analysis can be considered as an acceptable method for removing the restraints. 
However some precaution against pipe whip and jet bpingement effects resulting from primary 
pipe breaks remains required. 
(ii) The LBB analysis can be considered as an acceptable method for not designing the heavy 
component supports (steel and concrete structure) to the postulated LOCA reaction loads. This 
may result in elimination or decrease in load rating of existing snubbers. However the ability of the 
component supports to avoid excessive distorsion of the reactor coolant piphg under the dynamic 
loadings of the LOCA related possible events shall be maintained. 
For plants initially designed for conventional LOCA breaks, the reactor cavity concrete structures 
and the steel supports of the heavy components are believed to have sufficient margin to 
accomodate any dynamic loadings during LOCA related possible initiating events. 
(iii) The design basis of the reactor core and internals and of the steam generator tube bundle shall 
include the rapid rupture (opening time of 1 msec) of the steam generator manway covers (hot leg 
and cold leg) and a slow break (opening time of 3 sec) of one time the flow area anywhere in the 
primary coolant piping. 
These breaks are postulated because they are physically acceptable and coherent with the design 
bases of the other ESF systems. They are also believed to induce hydrodynamic loads which cover 
the loads resulting from the full spectrum of the conceivable and realistic sources of LOCA in the 
reactor coolant pressure boundary other than the double-ended pipe rupture and to enveloppe the 
dynamic loads resulting from the LOCA related possible initiating events. They shall therefore be 
considered as design basis breaks for the reactor core and internals and the steam generator tube 
bundle. 
(iv) The existing physical separation shall be maintained. 
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CONCLUSION : KEEPING THE GLOBAL SAFETY OF THE PLANT 

The global safety of the plant should not be decreased. It is not believed that the removal of the 
restraints and of some of the snubbers after the LBB analysis of the primary piping reduces 
significantly the global safety of the plant. Some safety decrease at the third level of the defence-in- 
depth could be expected in the protection against the non-increase of the severity of the event or in 
the core cooling capability. However, as mentioned hereabove, the protection against the pipe 
whip and jet impingement effects by means of the actual restraints is somewhat theoretical and the 
structural capacity of the concrete and steel supports of the heavy components is not affected as 
long as their original design basis is maintained. A potential safety increase of the defence-in-depth 
can be expected from the removal of some of the snubbers and also to a certain extent ( and with 
caution) by the LBB analysis itself. 

Potential safety increase of the safety at the first level might be achieved by reinforcing the in- 
service inspection of the primary piping and at the second level by installing an improved system to 
detect or locate leaks from the primary circuit. Such requirements were however not imposed to 
the Belgian utility. 

REFERENCES 

[l] Modification of General Design Criterion 4 Requirements for Protection Against Dynamic 
Effects of Postulated Pipe Ruptures. Federal Register, Vo1.51, No 70, published by the Office of 
the Federal Register, Washington, DC, 11 April 1986, pp.12502-5. 
[Z] WCAP-8082-P-A Pipe Breaks for the LOCA Analysis of the Westinghouse Primary Coolant 
Loop, January 1975. 
[3] Modification of General Design Criterion 4 Requirements for Protection Against Dynamic 
Effects of Postulated Pipe Ruptures. Federal Register, Vo1.52, No 207, published by the Office of 
the Federal Register, Washington, DC, 27 October 1987, pp.41288-95. 
[4] Standard Review Plan ; Public Comment Solicited. Federal Register, Vo1.52, No167 published 
by the Office of the Federal Register, Washington, DC, 28 August 1987, pp.33626-33. 
[5] Leak-Before-Break Technology : Solicitation of Public Comment on Additional Applications 
Federal Register, Vo1.53, No66, published by the Office of the Federal Register, Washington, DC, 
6 April 1988, pp.11311-2. 



INTEGRITY OF THE REACTOR COOLANT BOUNDARY OF 
THE EUROPEAN PRESSURIZED WATER REACTOR (EPRL 

Reauirements for the application of the break precludinq concept 
for the main coolant lines 

D. Goetsch (IPSN') / K. Bieniussa (GRg) / H. Schulz (GRS) / J. Jalouneix (IPSN) 

I )  INTRODUCTION 

This paper is an abstract of the work performed in the frame of the development 
of the IPSNGRS approach in view of the EPR conceptual safety features. EPR is a 
pressurized water reactor which will be based on the experience gained by utilities and 
designers in France and in Germany. 

The reactor coolant boundary of a PWR includes the reactor pressure vessel 
(RPV), those parts of the steam generators (SGs) which contain primary coolant, the 
pressurizer (PSR), the reactor coolant pumps (RCPs), the main coolant lines (MCLs) with 
their branches as well as the other connecting pipes and all branching pipes including the 
second isolation valves. 

The present work covering the integrity of the reactor coolant boundary is mainly 
restricted to the integrity of the main coolant lines (MCLs) and reflects the design 
requirements for the main components of the reactor coolant boundary. In the following the 
conceptual aspects, i.e. design, manufacture, construction and operation, will be 
assessed. A main aspect is the definition of break postulates regarding overall safety 
implications. 

' lnstitut de Protection et de SOret6 Nucl6aire, FRANCE 

Gesellschaft fur Anlagen und Reaktorsicherheit, GERMANY 
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2) EPR PROPOSAL 

2.1) Introduction 

The EPR project proposes a concept which precludes any break for the main 
coolant lines (MCLs) of the primary circuit. This concept, sometimes referred to as "break 
preclusion", is expressed by EPR in the three following statements : 

(a) a catastrophic failure of a main coolant line (MCL) is deterministically ruled 
out as a design event for the structures and components. Strictly speaking 
this isthe break precluding concept, 

(b) additional engineering measures are implemented to harden some safety 
systems and some structures; the fulfillment of the mitigation provisions 
necessary to ensure the main safety objectives (reactor shut down 
capability, decay heat removal and safe confinement of the radioactive 
materials) leads to defirkd design loading conditions using specific break 
postulates (see Table I), 

(c). . breaks in branching lines for which the break precluding concept is not 
' 

ap'plied, are considered for the design of the systems, components and 
structures. 

2.2) Basis and consistency of break precluding 

For the designer, there are essentially two arguments which can support the 
option of precluding large breaks as stated above in (a) : 

(1) any serious damage to the main coolant lines (MCLs) can b e  prevented 
with high confidence by design, high quality in manufacture, operation and 
surveillance measures, 

(2) due to the design and construction measures of the  main coolant lines 
(MCLs) which are of the same quality as for ihe main primary components 
including the reactor pressure vessel (RPV), a break can be ruled out. 
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The EPR designer would not consider postulated breaks of the main coolant lines 
(MCLs), only the mechanical consequences of pipe breaks in smaller lines, e.g. surge line 
and auxiliary lines, would be investigated. This approach is largely in compliance with 
current German practice but differs from current French practice. 

2.3) Basis and consistency of break mitigation 

In the EPR proposal, mitigation of the structural effects is based on the postulated 
guillotine break of anyone of the branching pipes. The safety objectives are to 
demonstrate : 

subcriticality by scram system (drop of a sufficient number of control rods), 

long term safe shutdown conditions, 

core coolability, 

non aggravation of the accident. 

From the engineering point of view, the pressure drop forces resulting from the 
break of anvone of the branching lines will be applied to the mechanical components in a 
dynamic scheme to demonstrate that : 

0 the initiating break would not induce a failure of a main coolant line (MCL) or a 
break of another large branching line, 

0 the geometry of the intemals of the reactor pressure vessel (RPV) would 
maintain the function with respect to the core coolability requirements, 

the geometry of the guide tubes would permit thecontrol rods to be inserted, 

the reactor coolant pumps (RCPs) and the steam generators (SGs) as well as 
their intemals and supports would remain intact (no consecutive rupture of the 
RCP shaft and no failure of the SG tubes). 



2.4) Consistency of the additional measures 

The designer proposes additional measures, implemented to  "harden" the safety 

systems, the containment, the components and the civil engineering structures and 
respectively to stay with simple requirements for the designer (see Table 1) : 

the containment would withstand the pressure resulting from a 2 A-break (A as 
internal cross-sectional area of the main coolant line - MCL -), 

the Safety Injection System (SIS) would be functionally designed for breaks up 
to 2 A (e.9. flow capacity), 

the safety system components would be qualified for the ambient conditions 
resulting from a 2 A-break, 

the heavy components, their supports and the civil engineering structures 
surrounding the loops would be reinforced to limit the mechanical damage of a 
large pipe break within the loop compartment. 

The first three conditions listed above-are unchanged from the past practice. The 
engineering measures derived from the fourth one are expressed as follows : 

no mechanical damage would be transmitted to the intact loops ; the reactor 
pressure vessel (RPV) would be a fixed point and it would rest a strong support 
which "filters" the loads ; each primary loop would be surrounded by thick 
reinforced concrete walls which would prevent a missile to damage an intact 
loop or the containment, 

the stability of the steam generators (SG) would be such us to keep the 
displacements at the top small enough to prevent a failure of a main live steam 
line or a main feedwater line, 

the supports of the components and the civil engineering structures to which 
they are connected would be designed to absorb the loads resulting from an 
active static load P equal to P = 2 p A (p as reactor coolant system operating 
pressure and A as internal cross-sectional area of the main coolant line - MCL -). 
This 2 p A load would be applied at every nozzle of the heavy components, 
colineariy with their centerline (one at a time and the pipe connected to the 
loaded nozzle is assumed to be failing). 
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3) ASSESSMENT OF THE EPR PROPOSAL 

3.1 ) Architecture 

The arrangement of the heavy main components and the architecture of the four 
loops would be based on the French N4 design which is similar to the German design. 

3.2) Material selection 

The material selection for the main coolant lines (MCLs) shows two options : 

- forged low carbon unstabilized stainless steel (Z2 CN 19.10) with controlled 

nitrogen content, similar to the present French practice, 

- forged ferritic steel (20MnMoNi55 = 16MND5) cladded with one layer of low 
carbon stabilized stainless steel, similar to the present German practice. 

The material choice for the main coolant pumps shows two options : either forged 
femtic steel (Geman practice) or cast stainless-steel (French practice). 

It must be noted that both options comprise dissimilar welds which require special 
attention with respect to fabrication and Non Destructive Examinations (NDEs) : 

- in the present French plants, dissimilar welds are located at the connections of 
the main coolant lines (MCLs) (in stainless steel) with the main components (in 
femtic steel). When using cast stainless steel for the main coolant pumps, 
there are - as part of the reactor coolant boundary - 16 locations of this type 
with a nominal diameter DN 750. A stainless steel ring called "safe end", is 
shop welded to each femtic nozzle. The homogeneous weld between the main 
coolant line (MCL) and the safe end is made on site, 

- in the present German plants, dissimilar welds are located at the branching of 
the main coolant lines (MCLs) (in femtic steel) to the smaller auxiliary lines (in 
stainless steel). Altogether there are also 16 locations of this weld type : 1 for 
the surge line (less than DN 350 in the nozzle region), 8 for the safety injection 
system (DN 250), 2 for the spray system (DN 80) and 5 for the volume control 
system (four times DN 50 for the inlet and once DN 100 for the outlet). 
Precluding break for these smaller pipes is not included in the EPR proposal, 
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- the dissimilar welds would be made of Alloy 82 or Alloy 52. For both alloys, no 

case of in service degradation due to Primary Water Stress Corrosion Cracking 
(PWSCC) in nominal service and fluid chemistrv cnnrfitions has been 
observed. However, experience with Alloy52 is, so far, much more limited in 
service time3. 

3.3) Design and manufacturing 

If the ferritic steel option is selected, the design and manufacturing aspects would 
retain minimization of welds and use of induction bent elbows with straight end parts and 
integrally forged lat-ge nozzles, according to the German practice. However, cladding 
would require suitable man!tfacturing lengths. 

If the stainless skel option is used, the latest technology according to the present 
French practice would be retained. For example, hot and cold legs would be each 
manufactured as one part with integrated nozzles and integral bends. The cross over leg 
would consist of-three parts. The qualification of such a prototypical forged stainless steel 
cold leg also with minimization of welds, use of induction bent elbows and integrally forged 
large nozzles, has been completed and accepted to be implemented for the Civaux I 
plant. 

For both options, the mentioned design and manufacturing aspects intended for 
the main coolant lines (MCLs) are consistent with the latest state of the art in both 
countries and would result in an optimized piping design. Experience with the intended 
production technology is provided by the French and German practices. 

3.4) Monitoring and surveillance systems 

EPR intends to implement the following monitoring and surveillance systems to 
control components degradation and leakage : 

- a transient bookkeeping system would be implemented for demonstrating the 

adequacy of design assumptions concerning the presupposed load histogram 
with respect to material damage due to stresses and fatigue. The current 
practice in France and Germany would be adopted : 
. monitoring of all thermal and pressure transients, 

It should however be noted that PWSCC has been observed in severe PWSCC laboratory testing on Alloy 82 as 
opposed to Alloy 52. 
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. identification and comparison of each actual transient to the reference design 
transients list, 
, checking that transients occurred less than specified, 

- a leak detection system would be installed in the compartments, in the sumps 

and on the heating, ventilating and air conditioning (HVAC) system using a 
combination of different sensors, detectors and measurements. A manual 
shutdown of the plant would be required if the leak cannot be localized nor 
isolated. The following requirements would be observed : 
. reliable detection of a leak before its size becomes critical, 
. use of two diverse and independent subsystems, 
. installation of alarms in the control room, 

- the main parameters of the primary water chemistry (pH, boron content and 

hydrogen content) would be periodically monitored during normal operation 
and shutdown periods. The other parameters (e.9. lithium, chlorides and 
fluorides) would be periodically checked by chemical analysis. The chemical 
parameters to be analyzed, their operational limits and analysis frequencies, 
have not been yet fully defined, 

- :it would be favored that further monitoring systems will all be applied in the 
EPR design, e.g. loop displacement control, vibrations control of pump shafts 
and temperature - pressure of the volume between the first and the second 
isolation valves. 

3,5) In Service Inspection (IS) 

Typical areas for inspection are 

welds and piping parts with the highest fatigue usage factors. 

The detailed program for In Sem'ce Inspection (ISI), i.e. where, how and when are 
the main coolant lines (MCLs) to be inspected, is not yet available. However the following 
principles are adopted by the designer : 

- design and manufacture allowing inspectability of all parts as a principle with 

A U R A  personnel exposure, 
- implementation of inspection at locations with high stress level. 
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For volumetric examination, the following methods are foreseen by the designer : 
- ferritic lines would be examined using ultrasbnic methods and if necessary, 

radiography (welds at the reactor coolant pumps (RCPs) if using cast stainless 
steel), 

- stainless steel lines including the dissimilar welds would be examined using 

ultrasonic methods and if necessary, also radiography for the dissimilar welds. 

A focused In Service Inspection (ISI) program is an essential requirement for the 
acceptance of the break precluding concept. 

The proved inspectability of ferritic steels by Ultrasonic examination Techniques 
(UT) allowing for defects detection and sizing constitutes one major feature for this class of 
material. UT examination of stainless steels is more difficult. Therefore, concerning UT 
examination of stainless steels, it would be mandatory to perform as early as the welding 
qualification process, a Non Destructive Examination (NDE) qualification, which should 
particularly take into account the metallurgical structure. 

For cladded ferritic steel, the large cladded area with one layer of stainless steel 
might be a preferential zone for underclad defects and at least an adequate inspection at 
manufacturing (outer and/or inner inspection) is necessary. However, taking into account 
the validated' material and manufacturing technology and results of the Non Destructive 
Examinations (NDEs), to date no problem appears in German nuclear plants. 

For both materials, the stainless steel and the ferritic steel, as well as for the 
dissimilar welds, it appears necessary to use optimize UT performances by taking into 
account geometric factors, i.e. small dissimilar welds located at the branching of the main 
coolant lines, small diameter component, mismatch, thermal sleeves, fillet, surface 
condition and counterbore. 

In Service Inspection (ISI) would cover visual, surface and volumetric examination. 
As a rule for A U R A  personnel exposure and reproductibility of test results, visual and 
volumetric examinations should be performed using adequate handling techniques. The 
In Service Inspection (ISI) program would integrate feedback (e.9. In Service Inspection 
(ISI) results and feedback from similar plants), load/stress level (e.g. stresses and usage 
factors, geometrical discontinuities) and manufacturing (e.g. dissimilar welds). However, 
the influences due to the real loads and operating conditions would have to be covered for 
example by additional instrumentation. Influences coming from uncertainties in 
manufacturing, e.g. new materials and new welding techniques, would have to be 
eliminated by approved manufacturing techniques. 
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Due to the present limitations of some techniques to suitably and reliably detect 
cracklike defects (specially in stainless steels), it would be required to implement an 
additional detection method sensitive to surface defects. 

3.6) Fracture mechanics methodology 

3.6.1) EPR PROPOSAL 

According to the EPR proposal, the demonstration of the controlled failure 
behavior of a structure, here of a selected part of the main coolant line (MCL), can be done 
either based on results of experiments with original pipe elements, or by using a verified 
fracture mechanics methodology. 

The methodology based on fracture mechanics considers the crack growth of 
different crack configurations, and finally deduces the corresponding leak rates which have 
to be detected, taking into account a considerable margin before reaching critical crack 
sizes. 

3.6.1 .I) CONSIDERATION OF SURFACE DEFECTS 

For Selected surface reference defects, it has to be demonstrated that they do not 
grow significantly during the plant life. After crack growth, the final crack must be stable 
under the most severe transient load combination. 

Reference defects are only considered in welds. Internal, elliptical surface 
defects, oriented in circumferential direction, are postulated having the depth 'la'' and the 
total length along the surface "2c". Two reference defects are investigated : 

0 the "envelope defect'' resulting from a lack of fusion of layers which 
corresponds to the detection limit of the applied nondestructive testing 
method, 

0 the "conventional defect" is twice as long as the envelope defect and mainly 
used for sensitivity studies. 

The reference data must be identified on the bases of manufacturing processes 
and performances of inspection methods, e.g. reflecting local limitations of the 
Non Destructive Examinations (NDEs), as well as taking into account the operating 
feedback, e.g. corrosion of dissimilar welds and underclad defects of the main coolant 
lines (MCLs). 



Fatigue crack growth computation of the surface defect is performed using the 
Paris formula and considering the transients under normal, upset and faulted operations. 

The acceptance criteria taken into account tor tne end of rife cracK size are a s  

the “envelope defect” crack growth is small. Final size is less than twice the 
initial defect or less than 1/4 of the wall thickness of the considered pipe, 
the “conventional defect“ crack growth is be  such that it does not become 
through-wall before the end of plant life. 

follows : 

3.6.1.2) COMPARISON WITH THROUGH-WALL CRITICAL CRACKS 

For the component geometry with the reference defects, the through-wall critical 
crack length is calculated using the worst loading .case. Furthermore, the designer 
proposes to demonstrate that, if a reference defect is submitted to specified loadings, as 
much as necessary to grow through the wall, this defect leads to a smaller than the critical 
through-wall crack. This crack is called the “leakage crack”. 

The acceptance criterion taken into account by the designer requires a factor of 2 
on the length of the “leakage crack” size when comparing with the length of the through- 
wall critical! crack size. No safety margin is judged necessary between the “leakage crack* 
leak rate and the leak detection system proven capability. 

3.6.2) ASSESSMENT BY IPSN/GRS 

IPSN and GRS consider that the following topics are important and should be 
implemented in the design : 

- the sensitivity of the leak detection system must be such that it is possible to 
detect with high confidence a guaranteed leak rate, here called “detection leak 
rate”, 

- the ”leakage crack” as defined by the designer would not lead to a leak rate 
because this “leakage crack“ is only the reference crack which has just grown 
through the wall; the length of such a “leakage crack” can be zero on the 
opposite wall ; a clear definition, possibly conventional, must be given for this 
“leakage crack” precising the length which must be achieved after growing to 
the opposite wall, a significant safety factor must be introduced between this 
new defined “leakage crack” leak rate and the “detection leak rate”, 

. -. . _  
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- the crack opening displacement and area as well as the leak rate must be 

calculated with qualified models which are or will be verified or calibrated with 
exDeriments, 

- a set of conservative assumptions must be selected to yield a lower bound of 

the leak rate, 

- the crack growth analysis through the,wall has to be performed by applying 

loadings whose stress fields contribute preferably to the lateral extension of the 
defects, 

- transient loading conditions have to be included, 

- margins in terms of loadings must also be considered, first on the "leakage 

crack", then on the critical through-wall crack. These two margins work in an 
opposite way and must be defined carefully especially concerning the "leakage 
crack" and the corresponding leak rate. 

The assessment will be complemented after the designer will have provided a 
complete and detailed tile describing the concrete application of this methodology to the 
EPR primary coolant boundary, including these topics. 



4) POSITION TAKEN BY THE GERMAN AND FRENCH SAFETY AtJTHORlTlES 

The justification elements in support of the break precluding concept for the main 
coolant lines (MCLs) as presented by the EPR project have been assessed by GRSAPSN 
and reviewed commonly by the two advisory groups of experts - GPR (Groupe Permanent 
charge des Reacteurs nucleaires) for France and RSK (Reaktor Sicherheitskommission) 
for Germany. The common conclusions of the two groups are the following : 

"Considering the state of technology, it appears feasible to design and to operate 
future PWR plants so as to "exclude" the complete guillotine break of a main coolant line 
(MCL) ; but it is stressed that the applicant has to precise the provisions he will implement for 
these l i e s  at an early stage of the design, notably concerning the monitoring of the primary 
leaks and the In Service Inspection (ISI) of the lines (the accessibility and the inspectability of 
each point of these lines are of course prerequisites). 

The loads to be considered for the design of the internal structures of the reactor 
vessel and for the design of the structur,es in the containment building can be limited to those 
resulting from a break equivalent to the complete guillotine rupture of the largest pipe 
connected to the main coolant line (MCL) (surge line). 

It is however recalled that the mass flow equivalent to a double area opening of the 
main coolant line (MCL) has to be assumed for the design of the emergency core cooling 
fhnction and of the containment pressure boundary, so as to implement safety margins 
concerning the cooling of the core to prevent core melt and concerning the containment 
fbnction ; the double area opening is also to be assumed for the supports of the components 
and for the qualification of equipment. 

These recommendations have been agreed on November 2,1994, by the 
common structure set up by the German and French safety authorities, called DFD 
(Deutsch Franzosischen Direktionsausschuss). 
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TABLE I : Postulated Pipe Breaks and Associated Effects for Main Coolant Lines 

I Effects 

0 performance of safeguard 
systems, e.g. : - safety injection system, - residual heat removal 

system. 

0 design of containment. 

0 environmental qualification of 
equipment, e.g. : - instrumentation, - electrical components. 

LOCAL DESIGN : 

0 design of containment, 
internal structures, e.g. : - reactor cavity, - missile shield, - compartments. 

0 stability of supports of 
main components, e.g. : - reactor pressure vessel, - main coolant pump, - steam generator, - pressurizer. 

design of internals of primary 
components and MCLs, e.g. : - reactor pressure vessel, - pump flywheel, - steam generator, - piping and valves. 

forces for : - surrounding walls, - target components, - piping supports. 

0 

0 withstanding thrust and reaction, 

of 

Loss of coolant. 

Pressure build-up, 
tern p eratu re. 

Pressure, 
temperature, 

flooding /humidity, 
radiation. . 

Flooding, 
differential pressure, 

temperature, 
supports loads. 

Fluid discharge forces : 
P = 2 p A  

Dynamic effect of 
pressure drop. 

Jet impingement, 
fluid discharge forces. 

Postulated 
pipe break size 

< 2 A (MCL) 

2 A (MCL) 

2 A (MCL) 

2 A 4( MCL) 

A (considered line), 
p (operating pressure). 

The larger value of 
0.1 A (MCL) and 

A (connected line). 

The larger value of 
0.1 A (MCL) and 

A (connected line). 

work of severe accidents, e.g. the consideration of 
a failure of t he  reactor coolant boundarv. will be discussed in other workina arouas 

consideration of guard pipes or restraints for pressure build-up in reactor cavity 
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Summary 

In the updating of the Guidelines for PWRs of the "Reaktor-Sicherheitskommission" 

(RSK) in 1981 the requirements on the design have been changed with respect to the 

postulated leaks and breaks in the primary pressure boundary. The major change was 

a revision in the requirements for pipe whip protection. As a logical consequence of 

the "concept of basic safety" a guillotine type break Qr any other break type resulting 

in a large opening is not postulated any longer for the calculation of reaction and jet 

forces. 

As an upper limit for a leak an area of 0,1 A (A = open cross section of the pipe) is 

postulated. This decision was based on a general assessment of the present PWR 

system design in Germany. 

Since then a number of piping systems have been requalified in the older nuclear 

power plants to comply with the break preclusion concept. Also a number of exten- 

sions of the concept have been developed to cover also leak-assumptions for branch 

pipes. Furthermore due considerations have been given to other aspects which could 

contribute to a leak development in the primary circuit, like vessel penetrations, man- 

hole covers, flanges, etc. 

Now the break preclusion concept originally applied to the main piping has been de- 

veloped into an integrated concept for the whole pressure boundary within the con- 

tainment and will be applied also in the periodic safety review of present nuclear 

power plants. 
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1 Reflections on the Historical Background 

The concept of the so-called "design basis accidents" was developed in the 60ies 

when the design of commercial nuclear power plants'started. So we are looking back 

only 30 years in time, but this has been a span of tremendous technological develop- 

ments being triggered by the first decisions to develop large light water reactor nuclear 

power plants. At the moment the nuclear community has to find its way to enter the 

next decade with nuclear power plants which fulfil both main requirements: enhanced 

safety and increased competitiveness. So it is the right time to review decisions and 

developments to be prepared for the future. 

When the designers in the 60ies were confronted with the question, what should be 

the largest leak to be covered by the design of the safety system in a nuclear power 

plant, we all know they decided to select a large break of a pipe as a postulated 

event. But they also decided at the same time that the available technology to build 

large vessels is sound enough to rule out an uncontrolled fracture of such vessels. At 

that time this was a rather courageous decision regarding the vessels. As we have 

seen the uncertainties connected to this decision have led to a number of long-going 

research programs on pressure vessel integrity to support this. The results of these 

research activities gave a lot of valuable input into the questions of piping integrity. 

In the 60ies and 70ies the design of nuclear power plants was largely effected by the 

postulated piping failure of the main primary pipe. Historically the postulated piping 

failure was first the design basis to set the maximum pressure and temperature loads 

for the containment. In a second step the emergency core cooling systems were de- 

signed according to this postulate. This development was followed by a steadily in- 

creasing effort to analyse the system behaviour in case of a pipe rupture with respect 

to the reaction forces and mechanical damage due to pipe whip as well as the differ- 

ential pressures between the compartments of the containment internal structures. 

This resulted in an enforcement of internal structures of the containment as well as in- 

ternal structures of the primary pressure boundary for example the internals of the re- 

actor pressure vessel and steam generators. To avoid mechanical damage caused by 

a whipping pipe restraints were designed and applied at several locations of the pri- 

mary piping. These engineered safeguards were extended to all high energy piping 

wherever safety related items had to be protected. 
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At the same time we have also experienced that the different disciplines performing 

the design and review work in the organisations have developed requirements and cri- 

teria in the area of their responsibilities which may be judged today as not being co- 

herent in all aspects. So specialists working in the mechanical branch found 

themselves in a situation that an increasing amount of engineered safeguards against 

the postulated double ended pipe rupture were required by the specialists of the acci- 

dent analysis branch at a time where they themselves gained a better understanding 

and an increasing knowledge of the influencing factors to produce a high quality pro- 

duct and to analyse the overall system behaviour to an extent that a gross failure of a 

pipe could be ruled out. 

Beside all the important knowledge we have gained in design work, fabrication and 

laboratory tests we have to admit that the operating experience is the most valuable 

source in the review of technical progress. The careful analysis of operating experi- 

ence shows us that a number of damage mechanisms occured which we have not 

thought of, but it also demonstrates how the technical problems can be controlled or 
avoided by different solutions. 

2 Basic Elements of Integrity Assessment 

The basic elements in the assessment of the integrity of components are sufficient 

knowledge 

- of the materials and component structures regarding material composition, me- 

chanical properties as well as geometries, 

- of the load conditions including environmental influences, 

- of defects at the surfaces or contained in the volume of the structure. 

At present we are performing integrity assessment mostly in the course of periodic 

safely reviews. So the following paragraphes include these aspects. 

In the characterization of the material condition influences resulting from the manu- 

facturing process as well as the operational aspects have to be considered. It has be- 

come popular to use the term "aging" for time-. temperature- or environment-related 
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degradation of material- or component conditions. With respect to the material proper- 

ties it has to be discussed for each individual material if in the range of the service 

condition precipitation or diffusion related phenomena can cause changes in proper- 

ties. Such changes have to be expected in areas of high neutron flux as it is known 

generally. Degradation in material toughness due to temperature effects only have 

been experienced for castings being manufactured out of non-stabilized austenitic 

steel. Investigations being performed on materials used for the pressure boundary 

components in German LWRs in general have not shown any significant change in 

material properties for more than 100.000 hours. The measured values have been al- 

most within the scatterband of the technical acceptance test during manufacturing. 

Beside the already mentioned influence of the neutron exposure it is important to note 

that a plant specific review sometimes identifies one or two components or parts of 

components where a specific alloy has been applied where temperature effects over a 

long exposure time may need to be considered. Specific difficulties may also arise due 

to a lack of detailed information in the documentation regarding heat treatment condi- 

tions, trace elements in the chemical composition or on microstructure. 

For the characterization of the component structure the most important aspects are 

the as built conditions regarding weld geometries, misalignment, thickness of clad- 

ding, etc. Specifically in some older units it may be difficult to find all necessary details 

in the documentation, so additional measurements are sometimes necessary. 

In the design of systems and components for nuclear power plants a great effort is di- 

rected to the analysis of loads for all operational and emergency conditions. Even 

extreme load conditions are included in these analyses. The detailed evaluation of the 

operating experience demonstrate very clearly that significant phenomena like thermal 

stratification have been greatly underestimated in the design stage with respect to the 

local loads. Also dynamic effects due to variation in valve closure times or system con- 

ditions which led to condensation phenomena leading to acceleration of fluids and dy- 

namic pulse loads have been identified as important aspects. In the estimation of real 

safety margins it is necessary to characterize limiting loading conditions. 

Regarding the environmental conditions (temperature, water chemistry, neutron ex- 

posure, etc.) most emphasis has to be placed to characterize the water chemistry con- 

ditions with sufficient accuracy. It is usually not the bulk chemistry at normal operation 

which is the cause for corrosive attack, in most cases specific conditions (accumula- 
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tion of impurities, intermediate temperatures) related to certain operational modes or 

system malfunctions may create locally unfavourable conditions which together with 

specific local stress condition initiate corrosion assisted cracking. Experience shows 

that enhanced monitoring methods are a valuable tool to adjust operational proce- 

dures to decrease at least the frequency of occurance or better avoid unfavourable 

conditions. 

Regarding the detection and sizing of defects in the structure it is difficult to charac- 

terize the reliability of NDE in general terms. First of all we have to realize that the ac- 

cessibility for inspection may be locally restricted in the plants. In the German codes, 

standards and guidelines considerable attention has been given to these aspects to 

force the designer of the component as well as of the plant layout in the direction to 

allow full accessibility for the application of non-destructive methods. Further important 

items are the acoustic properties of the material itself as well as the arrangement of 

the welds. Limitations still exist in the application of ultrasonic methods to welds in 
austenitic materials. The experience with inservice inspections demonstrate that in 
these cases acceptable results are achieved by the complementary application of ul- 

trasonic and radiographic methods. 

It is present practice in the integrity assessment of components to supplement the 

regular stress analyses in specific cases with a fracture mechanics analysis. In prin- 

ciple any analysis is always connected to defined damage mechanisms like plastic 

collapse, fatigue, cleavage fracture, stress corrosion cracking, erosion, etc. So the 

identification of the failure mechanisms for which the analyses have to prove that pro- 

tection is given and of the related boundary conditions is the difficult task in the as- 

sessment procedure. 

3 Evaluation of Operating Experience with Respect to Damage 
and Leaks 

An important part in integrity assessment is the review that all the damage mecha- 

nisms which may act in the different systems are clearly identified. 

A general evaluation of the operating experience with pressure boundary components 

in German LWR systems demonstrates that the number of crack-like defects or leak- 
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ages is generally very small /l/. A basis for this review are the incident reports which 

identify all abnormal occurrences as well as unexpected indications in the inservice in- 

spections or in the course of maintenance and repair work. The following paragraphs 

are more or less limited to defects and leaks being detected in the non-isolable area 

of the pressure boundary of PWR plants. The figures themselves are showing the dis- 

tribution of the different issues investigated for the nuclear steam supply system. 

Fig. 1 shows the distribution of failures/defects according to the different failure cate- 

gories. The failure categories are defined as: 

- through-wall cracks with leakage, 

- break with leakage, 

- leakage at gaskets, 

- defects which gave reportable signals above registration limits during ISI, but are 

not penetrating the wall. 

It is clearly seen that the fraction of "breaks" is very small and, which is more impor- 

tant, all these incidents are connected to pipes of less than 30 mm diameter. The 

small fraction of the category "defects" needs further comments. Present practice for 

inservice inspection requires mainly non-destructive testing of pipe welds with diame- 

ters above 200 mm. There might be an unknown population of defects contained in 
smaller piping which could lead to a different distribution. But additional information 

available from destructive test of replaced small bore piping does support the present 

view that the number of defects is very small. 

For BWR piping the picture is quite different. Due to the very high percentage of de- 

fects caused by intergranular stress corrosion cracking the fraction of this category is 

very large. But none of these cracks has penetrated the pipe wall. All of the BWR pip- 

ing being affected are replaced, using low carbon stabilized austenitic steel and spe- 

cial welding techniques. So a distribution being established for the past experience 

can not be used to establish relationships for the present situation. 

Fig. 2 shows the distribution according to the causes of failures. The fraction attributed 

to the individual cause contains a certain degree of expert judgement. The reason for 

this is that in many cases different causes are participating to a failure. It also has to 
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be mentioned that certainly in the small bore piping area very detailed investigations 

are often not performed because of the limited safety implications. 

Fig. 3 shows the distribution of the location of damage. It is clearly seen that the ma- 

jority of the damages is related to welds. The fraction of damage related to base metal 

is mainly connected to stress corrosion cracking in small bore piping where accumula- 

tion of condensate at areas without insulation takes place. The fraction related to gas- 

kets is probably a too low proportion, because not all the gasket leaks are within the 

limits of reportable events. 

Looking again at the distribution of damages related to the size of the pipes as it is 

shown in the figures it clearly demonstrates that within the German operating experi- 

ence for PWR’s leaks have occurred only in small bore piping. If we look at cracks as 

being precursors of leaks we also see that the number of cracks is very limited. Includ- 

ing the information from the destructive testing of replaced piping one can state that 

leaks and cracks in the non-isolable portion of PWR’s are very rare events. The re- 

sults of such evaluations can be used to optimize requirements regarding 

- quality assurance, 

- inservice inspections, 

- monitoring and surveillance methods including leak detection, 

- operational procedures. 

Furthermore such results are used in the integral assessment of piping reliability and 

estimation of frequency of leaks. 

4 Results of Relevant R&D-Programs* 

Within the German reactor safety research program continued effort was given over 

the last 20 years to develop and verify methods to describe the limit load behaviour of 

components as well as the resistance of the component to various types of fractures 

/2, 3/. Within the program a large number of small and large scale tests hase been 

performed including system tests for extreme load conditions as caused by external 

and internal events. Similar, R&D-efforts have been performed within the USNRC “De- 
38 



graded Piping Program", the NUPEC program in Japan, the ENEA program in Italy 

and last but not least the IPlRG program. Together this gives a huge amount of avail- 

able experimental data. A large portion of this is summarized in figs. 4 to 8. These fig- 

ures clearly indicate that a variation of crack dimensions and locations as well as 

through-wall-cracks have been investigated. Regarding the crack direction longitudinal 

as well as circumferential cracks are contained. Also complex geometries like bends 

and branches are included in the investigations. It is not the objective of this paper to 

review all the available research data, but it is important to note that for the verification 

of the LBB procedure a large experimental basis is given. Experiments being available 

from other technical areas like gas-pipeline industries are additional sources. 

The results of the R&D program can be generalized in my view as follows: 

- A large load carrying capacity has been demonstrated for pipes showing severe 

partly through or through-wall cracks. 

- The fracture toughness of the material being used for piping where the LBB ap- 

proach is applied is sufficiently high to exclude cleavage fracture at low stress 

condition and shows in most cases a fracture mode started by stable crack growth 

or plastic instability. 

- The analysis methods being applied to calculate limit load conditions are verified 

on a large number of experiments, although the results are not consistent in every 

case. 

5 Break Preclusion Concept and its Application 

The break preclusion concept was developed in the late 70ies and finalized in the up- 

dating of the guidelines of PWR's of the Reaktor-Sicherheitskommission (RSK) in 
1981 /4/. The underlined technical thinking and basis was published many times /5, 6, 

7, 8/. Regarding the postulated leaks and breaks in the primary pressure boundary to 

be used in the accident analysis the major change was the revision in the requirement 

for pipe whip protection. For practical reasons an upper limit for a leak area of 0.1 A (A 

= open cross section of the pipe) was chosen. This decision was based on a general 

assessment of the present PWR system design in Germany. The major principles ap- 

plied in this concept are summarized in Fig. 9 It reflects the present position of GRS 
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as it is applied in safety reviews and does include the experience gained in the course 

of requalification of piping systems in older units. Without going into technical details 

which are taken up by other papers in this conference I would like to summarize the 

15 years of experience in the application of the break preclusion concept for PWR 

plants as follows: 

- The break preclusion concept is applied generally to the large diameter primary 

piping and the branch connections down to a size of 200 mm diameter. In specific 

cases the concept was extended to pipes down to a size of about 100 mm diame- 

ter requiring additional analyses, load monitoring, and leak detection. 

- The concept has been successfully applied in the requalification of primary piping 

in older units. The requalification is performed on a plant specific basis. Difficulties 

experienced in the requalification are: unfavourable weld misalignments caused 

by larger tolerances on diameter, ovality and wall thickness together with short 

bends being used; missing information in the documentation regarding certain 

material properties; reevaluation of load tables used in the design with special em- 

phasis on past experience regarding thermal stratification and water hammer 

loads. 

- Shortcomings identified in the plant specific reviews regarding base-line informa- 

tion or local stress conditions could be balanced in most cases by additional sur- 
veillance and inspection requirements. In specific cases replacement of pipe 

sections have been performed. 

- For boiling water reactors a large portion of piping had to be replaced due to the 

specific problem of intergranular stress corrosion cracking which took unexpect- 

edly place even in stabilized austenitic piping. The sensitization was restricted to 

the heat-affected zone and there only in local areas. 

6 Further Steps towards an Integrative Approach to Assess the 
Reliability of the Primary Pressure Boundary 

The basic idea behind the postulated leaks and breaks in the primary piping was the 

definition of design basis accidents for the whole pressure boundary. If the break pre- 

clusion or the leak-before-break concept is applied to limit the leak size in the primary 

piping we have to analyse the whole pressure boundary again in view of the 
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"Defence-in-Depth" principle and the safety goals. In this respect we have to demon- 

strate that the results of the deterministic approach and probabilistic analysis are con- 

sistent. This means if we claim that a sound basis is given to limit the leak size by the 

application of the LBB-approach we have to proof also by the best methods available 

that a very small probability for example less than is justified on a probabilistic ba- 

sis /9, IO/.. 

It is a common understanding that ample safety margins are available regarding the 

integrity of the large vessels, housings and castings in the pressure boundary. Limited 

leaks within these components have been covered implicitly by the postulated guillo- 

tine type rupture of the primary piping. It has to be realised that in the definition of leak 

sizes nozzles and penetrations at vessels have to be included in the evaluation. 

For the sake of consistency we also have to demonstrate that the integrity of the pri- 

mary pressure boundary is not jeopardized by other events which may initiate failures 

at higher frequencies. This means for example that a pipe failure due to load drop 

events or due to earthquake is a negligible quantity in the same sense as identified 

before. It also has to be demonstrated that damage mechanisms which could lead to 

a large failure of bolted connections (man-hole covers, flanges etc.) can be ruled out 

or being identified early enough. Furthermore pipe failures between the first and sec- 

ond isolation valve have to be negligible quantities too in connection with the reliability 

of the valve itself. It is important to note that low power and shutdown modes of opera- 

tion have to be included in all investigations of the integrity of the pressure boundary. 

If accident management procedures are developed any negative impact on the pres- 

sure boundary integrity has to be limited. 

Most of the aspects mentioned before are covered by certain requirements either in 

the codes and standards for the components, system requirements or being ad- 

dressed in the surveillance or insenrice inspection and plant monitoring in general. To 

achieve a consistent and balanced approach it is proposed to classify leaks according 

to their origin or causes. Fig. 10 shows an example of leak categories as it is applied 

presently by GRS. This integrative approach does combine component related analy- 

sis with system related effects. The leak sizes being derived by this approach do re- 

flect the plant specific conditions, operating experience as well as experience from 

safety reevaluations. 
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Fig. 1 : Evaluation of Piping Incidents of Nuclear Heat Generation- Systems in PWRs Plants, 
Form of Damage 
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Fig. 2: Evaluation of Piping Incidents of Nuclear Heat Generation- Systems in PWRs Plants, 
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Fig. 3: Evaluation of Piping Incidents of Nuclear Heat Generation- Systems in PWRs Plants, 
Location of Damage 
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Fig. y: Selection of Available Fracture Mechanics Experiments: 
Material Used 
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(MPA, Siemens, BAM, TUV Essen) 

Fig. 5; Selection of Available Fracture Mechanics Experiments: 
Longitudinal Cracks in Straight Pipes 
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(MPA, Siemens, BAM, PHDR, ENEA, Battelle, Japanese Exp.) 

Fig. 6 ; Selection of Available Fracture Mechanics Experiments: 
Circumferential Cracks in Straight Pipes (Part 1) 
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Fig. 3 ; Selection of Available Fracture Mechanics Experiments: 
Circumferential Cracks in Straight Pipes (Part 2) 

50 

. .. 



al 

(MPA, Siemens, PHDR, Japanese Experiments) 

Fig. 8 ; Selection of Available Fracture Mechanics Experiments: 
Complex Components 
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B a s i c  S a f e t y  C o n c e p t  

* 

use of optimized *) 
o design 
o materials 
o production / inspection measures 
manufacturer qualification 
*) restricted in case of older NPPs 

organizational prerequisites: 
o plant personnel qualification 
o experience feedback 
control of degradation / leakages: 
o continuous monitoringlsurveillance 
o maintenance and IS1 

f. 

b . 

by using: 
o tests and/or crack growth analyses 
o under consideration of degradation 

effects and bounding loading con- '\\ 

ditions 

I A d d i t i o n a l  S a f e t y  A s s u r a n c e  M e a s u r e s  I 

ditions with respect to: 
o human error 
o system maifunctions 
o internal and external impact 
o corrosion 

I B r e a k  P r e c l u s i o n  A s s e s s m e n t  I 

principles are met 
in a balanced way 

some principles are not 
met in a balanced way 

some principles are not 
met in a complete way 

I I 

I I ComponentSpecific S y s t e m  - a n d  A c c i d e n t  A n a l y s i s  

Fig. 9: General Concept of Break,Preclusion for Pressure Retaining Structures 
of Nuclear Power Plants with Nominal Diameters of DN >= I50 mm 

52 



Fig. IO: Integrative Approach to Derive Leak Sizes for Safety Analysis 
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LBB EVALUATION FOR A TYPICAL JAPANESE PWR PRIMARY LOOP 
BY USING THE U.S. NRC APPROVED METHODS 
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T. Tanaka, Kansai Electric Power Company, Osaka, Japan 
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Abstract 

The regulatory requirements for postulated pipe ruptures have changed significantly since the fmt  nuclear plants were 
designed. The Leak-Before-Break (LBB) methodology is now accepted as a technically justifiable approach for eliminating 
postulation of double-ended guillotine breaks (DEGB) in high energy piping systems. The previous pipe rupture design 
requirements for nuclear power plant applications are responsible for all the numerous and massive pipe whip restraints 
and jet shields installed for each plant. This results in significant plant congestion, increased labor costs and radiation 
dosage for normal maintenance and inspection. Also the restraints increase the probability of interference between the 
piping and supporting structures during plant heatup, thereby potentially impacting overall plant reliability. The LBB 
approach to eliminate postulating ruptures in high energy piping systems is a significant improvement to former regulatory 
methodologies, and therefore, the LBB approach to design is gaining worldwide acceptance. However, the methods and 
criteria for LBB evaluation depend upon the policy of individual country and significant effort continues towards 
accomplishing uniformity on a global basis. 

In this paper the historical development of the U.S. LBB criteria will be traced and the results of an LBB evaluation for 
a typical Japanese PWR primary loop applying U.S. NRC approved methods will be presented. 

In addition, another approach using the Japanese LBB criteria will be shown and compared with the U.S. criteria. The 
comparison will be highlighted in this paper with detailed discussion. 



1.0 INTRODUCTION 

The U.S. Regulatory requirements for postulated pipe ruptures have changed significantly since the first nuclear power 
plants were designed. Early plants were not designed for dynamic loads associated with postulated pipe ruptures. 
Designing for LOCA effects was genel-aly limited to the containment sizing. Later, pipe breaks were postulated at 
locations with the worst dynamic effects, known as "break everywhere" approach. From the mid 1970's pipe breaks were 
postulated at high stress, high usage factor and a minimum of two arbitrary intermediate locations in addition to the 
terminal ends [l]. Thus, the original purpose and intent of the postulated doubleended guillotine (DEGB) break, which 
were to provide a clearly limiting basis for sizing the reactor containment system, were extended to postulation of breaks 
in all the high energy piping system design resulting in the construction of massive pipe whip restraints and jet 
impingement shields, simply because an alternate acceptable design basis was not available. The DEGB postulation was 
further extended to the design of Environmental Qualification (EQ) and even in the sizing of the Emergency Core Cooling 
Systems (ECCS). For many years the commercial nuclear industry has recognized that a DEGB is highly unlikely, even 
under severe accident loads, and that a design basis LOCA based on DEGB is an unnecessary and undesirable design 
restriction. 

In the past several years the commercial nuclear industry has worked with the U.S. Nuclear Regulatory Commission (NRC) 
to eliminate the DEGB as the design basis LOCA based on the concept of Leak-Before-Break (LBB). The LBB concept 
is s- a in Appendix I. Simply stated, if a flaw in the piping should grow during service, it will tend to grow 
through the wall of the pipe so that it will leak and be detected well before the crack length approaches instability. The 
quantitative basis or criteria have been provided in a report by the NRC piping review committee namely NUREG-1061 
Volume 3 [2]. The results of the research work by the commercial nuclear industry and the NRC culminated in a revision 
to lOCFR Part 50, Appendix A, General Design Criteria 4 [3] permitting elimination of postulated breaks from the 
structural design basis. The NRC guidelines for LBB demonstration are provided in Reference [4]. 

Use of LBB technology saved hundreds of millions of dollars in backft costs to many operating Westinghouse plants. 
Application of this technology to plants under construction resulted in tens of millions of dollars cost savings due to 
elimination of whip restraints and jet shields. Added cost savings result due to reduced man rem exposure during inservice 
inspection and maintenance. The US IVkC lead on this subject was followed by the regulatory authorities in various 
countries around the world. Today the LBB technology finds ever increasing applications worldwide. While the underlying 
LBB concept is identical in all the countries the specific criteria and the quantitative methods of evaluating defining and 
demonstrating safety margins somewhat vary in different countries. In this paper, historical development of the LBB 
criteria in the U.S. are traced followed by an example application to a typical Japanese PWR primary loop. The analytical 
evaluations are performed using the U.S. NRC approved methods. An alternate approach using the Japanese LBB criteria 
is compared with the U.S. approach. 



2.0 HISTORICAL DEVELOPMENT OF THE LBB CRITERIA 

In the late seventies, circumferential through wall flaws of length equal to three times the pipe wall thickness (3T flaws) 
were postulated. These flaws were subjected to normal plus Safe Shutdown Earthquake (SSE) loads to assess flaw stability. 
The leakages from these flaws were calculated using internal pressure in the piping system. The magnitude of the leakage 
was shown to be significantly greater than the plant leak detection capability, thereby assuring leak detection. In the early 
eighties, the Systematic Evaluation of Plants (SEP) procedural guidelines were provided by the U.S. NRC to enable piping 
integrity assessment. Accordingly, through wall flaws of lengths equal to two times the wall thickness were postulated 
and the calculated leakageresulting fiom normal operating loadings (including deadweight, thermal expansion and internal 
pressure) was compared with the plant leak detection capability (typically 1 gpm). In addition, through-wall circumferential 
flaws of length equal to four times the pipe wall thickness were shown stable when subjected to the normal operating plus 
the Safe Shutdown Earthquake (SSE) loads. In the lam part of the eighties the criteria currently in use became available 
[2,3,4]. These criteria and the resulting steps of the evaluation procedure can be briefly summarized as follow: 

1) Calculate the applied loads. Identify the location at which the highest stress occurs. 

2) Identify the materials and the associated material properties. 

3) Postulate an inside surface flaw at the governing location. Determine fatigue crack growth. Show that a through-wall 
crack will not result. 

4) Postulate a through-wall flaw at the governing location. The size of the flaw should be large enough so that the leakage 
is assured of detection with margin using the installed leak detection equipment when the pipe is subjected to normal 
operating loads. Demonstrate a margin of 10 between the calculated leak rate and the leak detection capability. 

5)  Using faulted loads (such as normal plus SSE), demonstrate that there is a margin of at least 2 between the leakage 
size flaw and the critical size flaw. 

6) Review the operating history to ascertain that operating experience has indicated no particular susceptibility to failure 
from the effects of corrosion, water hammer or low and high cycle fatigue. 

7) Provide the material properties including toughness and tensile test data. Justify that the properties used in the 
evaluation are representative of the plant specific material. Evaluate long term effects such as thermal aging where 
applicable. 

The last statement is of crucial importance. The U.S. NRC piping review committee stated [2] "If the flawed structure 
is fabricated from a material that has a high fracture toughness and therefore is not sensitive to the presence of a crack, 
the load carrying capacity of the cracked structure may still be governed by material strength. If the structure of interest 
is fabricated from a material that has a low fracture toughness and is therefore sensitive to the presence of a flaw, other 
analytical techniques must be used." Thermal aging causes reduction of toughness in cast austenitic stainless steels - a 
material extensively used in PWR primary loop pipings and fittings. In order to demonstrate integrity of cast stainless steel 
piping systems subjected to thermal aging degradation, an analytical model was developed. This model was verified by 
experimental data correlation. This model was applied to demonstrate primary loop piping integrity of a typical Japanese 
PWR nuclear power plant. 



3.0 LBB EVALUATION ANI) Al’l’l~lCATION OF LBB CRFTERIA 

3.1 Operation and Stability of Reactor Coolail Sysicin 

A typical PWR primary loop piping layout in ;I Jap:uulcsc plarir is shown in Figure 1. As a first step, extremely low 
susceptibility to cracking from the effects of corrosioii e.g. ititcrgranular stress corrosion cracking, IGSCC is demonstrated 
for the Westinghouse design primary loops. It is also nolcd that overall, there is almost no potential for water hammer 
in the Westinghouse type PWR RCS since it is dcsigncd mid opcrated to preclude the voiding condition in normally filled 
lines and the operating transients of the RCS primary piping arc such that no significant water hammer can occur. Low 
cycle fatigue considerations are accounted for in thc dcsiga of the piping system through the fatigue usage factor evaluation 
to show compliance with the rules of Section I11 of thc ASME Code. High cycle fatigue loads in the system would result 
primarily from pump vibrations. These are miniinizcd by restrictions placed on shaft vibrations during hot functional 
testing and operation. 

Based on the above the candidacy of the PWR primary loop piping, for an LBB application, is confumed. 

. 3.2 Loads 

The next step of the evaluation is to establish geomctric properties and applicable loads. A segment of the primary loop 
hot leg pipe is shown in Figure 2. In order to calculate the leak rates, lower bound normal operating loads are obtained 
by algebraically combining deadweight, thermal expansion and internal pressure loading components. The upper bound 
faulted loads for crack stability analysis are obtained by combining the loading components (Deadweight, Thermal 
expansion, pressure and SSE loads including SSE anchor motion) by the absolute summation method. The junction of 
primary loop hot leg and the reactor vessel outlet nozzle is typically the highest stress location. Therefore, the leak-before- 
break calculations are performed at this location which is designated as location 1 in Figure 3. The total normal operating 
stress and the upperbound faulted stress at this location are 20.86 hi (143.86 MPa) and 23.85 hi (164.48 MPa), 
respectively. 

“3.3 Material Ch&cterization including the Effects of Thermal Aging 

In order to accomplish a realistic yet conservative analysis, the leak-before-break evaluations were performed using plant 
specific material properties 0,. = 21.05 ksi (145.17 MPa) and 0, = 61.17 G i  (421.86 MPa). 

The primary loop piping material is SA351 Grade CFSM - a cast stainless steel product form. The material is known to 
be particularly susceptible to thermal aging degradation. The cast stainless steel exhibits very high toughness in the as-built 
condition; however, the fracture toughness may be significantly reduced with time at plant operating temperature. The 
toughness degradation in cast austenitic stainless steel has been attributed mainly to the successive precipitation of 
chromium in the ferrite phase due to the large miscibility gap in the Fe-Cr binary system. During aging at temperature, 
the femte phase gradually develops a cleavage transition behavior somewhat similar to that of ferrite stainless steel. 

The thermal aging toughness degradation has only within the last fifteen years been recognized as occurring in cast stainless 
steels at operating temperatures of nuclear reactors. Useful material test data and acceptance criteria became available only 
recently. The thermal aging issue has been technically addressed by Westinghouse and the procedure currently used to 
address thermal aging has been approved by the United States Nuclear Regulatory Commission ( U S  NRC). 



The material certifications for the primary loop hot leg piping were examined. The chemistry of the material was used 
to determine the ferrite content and hence fracture toughness. The ferrite content was found to be about 10%. The lower 
bound allowable fracture toughness properties were conservatively established to be Jlc = 750 in-lb/in* (131.35 KJ/m2), 
Tmat = 60 and J,, = 2200 in-lb/in2 (385.29 KJ/m2). This lower bound material test data was obtained from a similar cast 
stainless steel material with higher ferrite content. The toughness data was generated using small specimens with a 
maximum crack extension of 4.3 mm. 

4.0 RESULTS 

Leak-before-break evaluations were performed on the hot leg and reactor vessel nozzle junction. SpecMcally, two phase 
flow calculations were performed to determine the flaw size giving a 10 gpm leak rate - "leakage size flaw." The leakage 
size flaw was found to be 3.25 inches (82.55 mm) long. J-T analysis was performed by postulating a through-wall flaw 
6.5 inches (165.10 mm) in length (Le. two times the leakage size flaw). This flaw was subjected to the-faulted condition 
loads. Calculated JappEd value was 1429 in-lb/in2 (250.26 KJ/m2) and Tapplied value was 8.6. These values were lower than 
the lower bound material toughness, thus, flaw stability was demonstrated. If the limit load approach was used as the basis 
for "critical flaw" size calculation, the limiting size of the postulated through-wall flaw would exceed 32 inches 
(812.80 mm). 

4.1 Comparison of the Evaluation Results 

In the LBB evaluations for the primary loop piping, there are some differences between the U.S. and the Japanese 
approach. These differences are summarized in Table 1. 



Table 1 

Japanese Approach 

a) Postulated through-wall crack 

Leakage Crack Size 
Factor of 5 margin with respect to leak 
detection capability. 

Leakage crack size is determined using 
0.5 Sm stress conservatively. 

Leakage Crack Angle: 25.6 deg. 

Also postulated through-wall crack size of 5T. 
Crack Angle: 56.6 deg. 

Leakage crack size is the larger of the two. 
For the primary loop the latter criterion 
governs. 

I 

1 b) Crack Stability Evaluation 

The postulated crack 56.6 deg. in angle is 
shown stable by comparing the allowable 
bending stress of 29.61 ksi (204.2 MPa) with 
the applied bending stress of 17.57 ksi (121.2 
m a ) .  The limit load approach is used to 
demonstrate the crack stability. 

a) Postulated through-wall crack 

Leakage Crack Size 
Factor of 10 margin with respect to leak 
detection capability. 

Leakage crack size is determined using plant 
normal operating loads. 

Leakage Crack Angle: 11.70 deg. 

b) Crack Stability Evaluation 

Demonstrate a margin of a factor of 2 between 
the leakage crack size and the critical crack size 
using J-T approach and the limit load approach. 

J-T Approach 

Incorporating the effects of thermal aging, 
calculate J-T applied value for 23.40 deg. 
through-wall crack as shown in section 4.0 and 
show them to be lower than the material 
toughness allowables. 

Limit Load Approach 
"Critical Crack Size" is 115.97 deg. 

A factor of 2 between the leakage crack size 
and the critical crack size is demonstrated by 
both the approaches. 

Conclusion: LBB is demonstrated using the US 
approach and criteria 

Conclusion: LBB is demonstrated using the Japanese 
approach and criteria I 



5.0 CONCLUSION 

LBB evaluations have been performed for typical Japanese PWR primary loop piping, using NRC approved methods and 
Criteria. 

There are minor differences in the limit load results obtained in the U.S. ahd Japan. These differences stem from the input 
data for applied axial loads and the material strength property, namely the flow stress. Noteworthy is the difference in the 
magnitude of leakage size cracks and the stability crack size used in the U.S. and in Japan. The difference in the 
magnitude of leakage size cracks is attributed to the two-tier criteria used in Japan, and the difference in applied loads - 
normal plant operating loads vs. postulated 0.5 Sm load. From the flaw stability stand point, in the U.S. the stability of 
a flaw is established using a two-tier criteria based on the J-T approach and the limit load approach, whereas in Japan the 
stability is demonstrated by using the limit load approach. 

Despite the observed differences in the methodology, the calculated leakage size cracks and the stability calculations, both 
the U.S. and Japanese approaches predicted LBB for the specific Japanese PWR primary loop considered in this study. 

1. 

2. 

3. 

4. 
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APPENDIX 1 
LE AK-BEFORE-BRE AK-CONCEPT 

The process of demonstrating that a pipe break will not occur in a piping system has been termed the "leak-before-break'' 
concept. This concept is based on the following points: 

1. 

2. 

3. 

4. 

5. 

The piping system is not susceptible to stress corrosion, thermal fatigue, or water hammer. Thus, the only failure 
mechanism is potential ductile failure resulting from a large load. 

The fracture resistant material properties of piping systems make a rupture of the piping highly unlikely. 

The service, pre-service, and in-service inspections will detect any piping flaws. If the flaw goes undetected its 
growth over plant life is insignificant (i.e., no mechanism exists to develop a through-wall crack). 

If a through-wall crack is postulated in the piping system, the crack will not grow or become unstable under the worst 
case loading conditions. 

A stable through-wall crack in a pipe will leak at a rate such that the leak can be identified by leak detection 
equipment, the plant shutdown, and the appropriate repairs completed. 



Figure 1 - mid Primary Loop Piping Layout 

Figure 2 - Hot Leg Piping Segment 
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FRACTURE MECHANICS EVALUATION FOR A TYPICAL PWR PRIMARY COOLANT PIPE 

T Tanaka(*), S. Shimizu(**) and Y. Ogata(**) 
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(**) Mitsubishi Heavy Industries, Ltd. KobeJapan. 

Abstract 

For the primary coolant piping of PWRs in Japan, cast duplex stainless steel which is excellent in terms of strength, 
corrosion resistance, and weldability has conventionally been used. The cast duplex stainless steel contains the 
ferrite phase in the austenite matrix and thermal aging after long term service is known to change its material 
characteristics. 

It is considered appropriate to apply the methodology of elastic plastic fracture mechanics for an evaluation of the 
integrity of the primary coolant piping after thermal aging. Therefore,we evaluated the integrity of the primary 
coolant piping for an initial PWR plant in Japan by means of elastic plastic fracture mechanics. 

"le evaluation results show that the crack will not grow into an unstable fracture and the integrity of the piping will 
be secured, even when such through wall crack length is assumed to equal the fatigue mck growth length for a 
service period of up to 60 years. 

1. INTRODUCTION 

For the primary coolant piping of PWRs in Japan, cast duplex stainless steel (ASME SA351 GL CF8M or 
equivalent) has been applied. This cast duplex stainless steel contains a femte phase of about 5 to 25% in the 
austenite matrix in order to improve its characteristics of corrosion resistance, strength, weldability, etc. 

In the cast duplex stainless steel, the femte phase is gradually separated within the operating period at the PWR 
operation temperature (at about 3OO0C), and that causes changes in its material characteristics. 

An aging of the material tends to increase its tensile strength but reduces its fracture toughness. The degree of the 
toughness reduction becomes more significant with increasing femte content and the rate of toughness reduction 
increases with rising temperature. Both of these tendencies are mitigated with the aging progress. 

The present paper summarizes evaluation results on integrity of the primary coolant piping after thermal aging for 
initial PWR plant in Japan. 



2. CRACK STABILITY ANALYSIS 

2.1 Evaluation Method 

Fracture toughness of the primary coolant piping decreases due to thermal aging under long-term plant operation, 
but this fracture type is considered to be a ductile fracture because ductile crack growth is recognized in the 
material test data after thermai aging. Therefore, it is appropriate to apply elastic plastic fracture mechanics for an 
evaluation of the stability of the assumed crack. 
The evaluation flow is shown in Fig. 1. ' 

2.2 Selection of Evaluating Location 

Material toughness, which represents fracture resistance, will be mluced with increasing ferrite content and also 
with increasing operating temperature. In addition, a hi@ tempemture causes a large fracture force due to thermal 
bending moment. Therefore, the hot leg piping at the &actor vessel outlet nozzle was selected as the location to 
be evaluated since both temperature and imposed load are severer and ferrite content is relatively high in the 
evaluating plant. 

2.3 Evaluation of Crack Growth 

'Ihe size of the fatigue crack is calculated under the condition that the assumed initial defed on the piping inside 
surface grows due to the stress cycles applied by the plant operation. I 

(1) Evaluation Conditions 

(a) Si of Initial Defkct 
The size of the initial .befed was conservatively assumed, with a sufficient margin, to be about twice the size of 
the detectable single defect. Namely, the initial d e w  was assumed to be a semi-elliptical, circumferential defed 
on the.piping inside surface and its size to be 0.21 (depth) x 1.0t (surface length), where "1" is the wall 
thickness. 

@) Stress Cycle Used in Crack Growth Analysis 
The stress cycle was produced on the basis of the transient conditions with consideration of the actual operating 
status of the plant. 

(c) Fatigue Crack Growth Law 
The fatigue crack growth law is represented by the following equations provided on the basis of the test data 
under the PWR primary coolant environment') : 

d a / d N = C K e p  * * *  (1) 

Keff = Kmax (1 - R)Oe5 * * *  (2) 

R = Kmin/Kmax * * *  (3) 



where, 
d a  IdN 
C 
m : Constant = 4.0 
Kef€ 
Kmax, Kmin 
R : Stress ratio 

: Fatigue crack growth rate [ d q c l e ]  
: Constant = 7.0 x lom1' 

: Effective stress intensity factor m g e  WPaJm] 
: Maximum, minimum stress intensity factors WPaJm] 

(2) Evaluation Results 
'Ihe results of the fatigue crack growth analysis are shown below. It reveals that the fatigue crack growth rate is 
low and the crack does not penetrate the pipe wall (67.4 mm thick) even after long-term plant operation. 

1) Assumed initial crack size 
Depth : 13.5 mm 
Length : 67.4 mm 

2) Crack size after plant operation of 60 years 
Depth : 26.5 mm 
Length : 108.8 mm 

2.4 Crack Stability Evaluation 

(1) Evaluation Method 
Fracture toughness of the primary coolant pipe decreases after thermal aging, but this fracture type can be 
considered to be a ductile fracture because a ductile crack growth is recognized in its material tests. Therefore, 
elastic plastic fracture mechanics are to be applied for an evaluation of the stability of the assumed crack. 
Concretely, the crack stability is evaluated with the J integral value (Japp), which shows a fracture force in 
comparison to the fracture toughness value (Jmat), which shows the fracture resistance of the material &er 
thermal aging. 

(2) J Integral Value (Japp) . 
J integral value is calculated with the stress analysis by using the finite element method on the basis of the 
design load and the crack length for evaluation. 

(a) Design Load 
Loads imposed on the piping are those initiated under the normal operating condition and also those caused by 
S1 earthquake (maximum design earthquake). 

@) Analysis Model 
For the analysis, the finite element model is applied to the elbow on the outlet side (high temperature side) of 
the reactor vessel with a circumferential crack on the inside surface. 
Fig. 2 shows the finite element model used for the analysis. 
The crack growth analysis was conducted with the assumption of an initial crack on the basis of the number of 
transients during the operating period of 60 years. Then, the calculated surface crack length was conservatively 
converted into the through wall crack which length is conservatively assumed 21 as shown in Fig. 1 for the 



crack stability evaluation. 

(c) Analysis Results 
Fig. 3 shows the analysis results for the Japp value at the evaluating location. 

(3) The Fracture Toughness Value (Jmat) 
The fenite content of the evaluating location was calculated by the method described in ASTM A800 with the 
chemical compositions on the material certificate. The Jmat value was determined by the lower bound curve of 
toughness (-2 r~ lower bound m e )  obtained with the toughness prediction model @3T Model: Hyperbolic-Time 
Temperature Toughnes~)~) on the basis of the ferrite content at the evaluating location. 
Fig. 4 shows the Jmat value (-20 lower bound value) obtained by.the chemical compositions at the evaluating 
location. 

(4) Clack Stability Evaluation Results 
The circumferential surface crack obtained on the basis of the fatigue crack growth analysis after the service 
period of 60 years was conservatively converted to the circumferential through wall crack of the same length. 
In order to estimate the stability of this assumed crack, the Japp and Jmat values obtained in Items (2) and (3) 
above were compared in Fig. 5. 
Fig. 5 shows that J I 

Therefore, even when fatigue crack growth is assumed d e r  the service period of 60 years, the evaluation shows 
that any ductile crack will not be initiated under the design load conditions, and the integrity of the primary 
coolant piping is confirmed to be secured with sufficient margin. 

> Japp even after the service period of 60 years. 

3. CONCLUSION 

Integrity evaluation was conducted by means of the elastic plastic hcture mechanics for the primary coolant piping 
after thermal aging in an initial PWR plant. 

The results show that, even when fatigue crack growth is assumed after a service period of 60 years, the crack is 
estimated to be stable and the integrity of the piping is confirmed to be maintained in consideration of the thermal 
aging of cast duplex stainless steel after long-term plant operation. 
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Abstract 

At present, cast duplex stainless steel has been used for the primary coolant piping of PWRs in Japan and joints of 
dissimilar material have been applied for welding to reactor vessels and steam generators. 

For the primary coolant piping of the next APWR plants, application of low alloy steel ,that results in designing 
main loops with the same material is being studied. It means that there is no need to weld low alloy steel with 
stainless steel and that makes it possible to reduce the welding length. Attenuation of Ultra Sonic Wave Intensity is 
lower for low alloy steel than for stainless steel and they have advantageous inspection characteristics. In addition to 
that, the thermal expansion rate is smaller for low alloy steel than for stainless steel. In consideration of the above 
features of low alloy steel, the overall reliability of primary coolant piping is expected to be improved. 

Therefore, for the evaluation of crack stability of low alloy steel piping to be applied for primary loops, elastic-plastic 
fracture mechanics analysis was performed by means of a three-dimensioned FEM. 

The evaluation results for the low alloy steel pipings show that cracks will not grow into unstable hctures under 
maximum design load conditions, even when such a circumferential crack is assumed to be 6 times the size of the 
wall thickness. 

1. INTRODUCTION 

For austenite stainless and carbon steel pipings, the LBB concept is being employed as a rational technique for piping 

failure protection design and realization of the LBB is being s t ~ d i e d ' ) ~ ~ ) * ~ )  by conducting various pipe tests in Japan 
and abroad. In Japan, LBB standardization for austenite stainless steel has already been established, while that for 
carbon steel is now being studied. 

This paper summarizes evaluation results of crack stability on the basis of the elastic-plastic hcture mechanics 



analysis as a link of LBB realization evaluation for low alloy steel (SFVQlA, equivalent to ASME SA508, C1. 3) 
which is being studied for use as the primary coolant piping of PWRs in Japan, in consideration of its future LBB 
standardization. 

2. CRACK STABILITY ANALYSIS 

2.1 Evaluation ... Method 

Since ductile crack growth iqrecognized in material testing of low alloy steel, similar to that of austenite stainless 
steel and carbon steel, its fracture type can be considered to be a ductile fracture. Therefore, it is appropriate to apply 
the elastic-plastic fracture mechanics for an evaluation of the stability of an assumed crack. 

. The evaluation flow for the crack stability is shown in Fig. 1. 

2.2 Selection of Evaluating Location 

The reactor vessel outlet nozzle was selected as the location to be evaluated since the design load becomes the 
maximum at this point. 

2.3 Evaluation of Assumed Throughwall Crack 

(1) Evaluation Conditions 
. "he assumed throughwa .crack size is to be selected as the larger one of the following two 

circumferential throughwall cracks in the austenite stainless steel LBB standard that .has .already been 
established in Japan.Therefore, in the present paper, evaluation is to be canied out for the circumferential 
throughwall crack selected similarly. 

1) A throughwall crack that generates a leakage of 5 gpm. 

2) A throughwall crack of the same length as that of a piping inner surface crack when the crack 
penetrates the piping wall thickness in crack growth analysis perfonned without limiting the stress 
cycle kquency. 

Since in such large pipings as the primary coolant pipes the throughwall crack of case 2) is larger than 
that of case 1) , we will analyze the throughwall crack size of case 2) as the evaluation conditions. 

(a) Size of Initial Defect for Evaluation 
The size of the initial defed was conservatively assumed to be about twice the size of the detectable 



single defed with a sufficient margin to the defed detection limit in PSI. 
Namely, the initial defed was assumed to be a semi-elliptical,circumferential defed on the piping 
inside surface and its size to be O.lt (depth) X 0.3 (surface length), where "t" is the wall 
thickness. 

(b) Stress Cycle Used in Assumed Crack Growth Analysis 
The stress cycle was produced on the basis of design transient conditions. 

(c) Fatigue Crack Growth Law 
'Ihe fatigue crack growth law is represented by the following equations provided on the basis of the 
test data under the PWR primary coolant environment (Fig. 2). 

= C . A K ~  

where, WdN : Fatigue crack growth rate [mm/cycle] 

AK 

C : Constant 
m : Constant 

: Stress intensity factor range hax - sin] ~ g ~ m m ~ / ~ l  

Here, in the case of AK 5 42.7 k g f / ~ n m ~ / ~ ,  

in the case of AK > 42.7 kgf/mm3j2, 

c = 1.64 x 10-13 

c =5.4 x 
m = 5.95 

m = 1.95 

(2) Evaluation Results 
As the-results . of the assumed throughwall crack analysisfhe length of the circumferential inner surface 
crack becomes 5.3 at the time of crack penetration, and this value is rounded up to 6t. 

2.4 ElastioPlastic Fracture Mechanics Evaluation 

(1) Evaluation Method 
The crack stability evaluation is caxried out with the J integral value (J app) which is the parameter that 

shows a hcture force calculated from the load given to the structural system and with the hcture 
toughness value (J mat) of the material. 

(2) J Integral Value (J app) 

J integral value is calculated with stress analysis by using the finite element method on the basis of the 



load at the evaluating location and the assumed throughwall crack length. 

Design Load for Evaluation 
Loads imposed on the piping are those initiated under the normal operating condition and also those 
caused by S1 earthquake. (maximum design earthquake) 
Numerical values are as follows: 

Internal pressure : 157.0 kgt7cm2G 
Bending moment : 369.7 ton f-m 
Axial force : 245.7 ton f 

Analysis Model 
For the analysis, the finite element model is applied to the reactor vessel outlet nozzle with a 
circumferential throughwall crack. Fig.3 shows the FEM model used for the analysis. It also 
shows the load and boundary conditions for the analysis. 
For the crack stability evaluation, the throughwall crack length was assumed to be 6 times the wall 
thickness 9” as described in item 2.3(2)above. 
A FEM code ‘MARC’ was used for the analysis code and only 1/4 portion was analyzed due to the 
symmetry of the piping. 

Material Constant 
Base metal has a lower yield stress and a lower work hardening rate than weld metal. Therefore, a 
stress-strain curve of the base metal was conservatively used for the J integral analysis. 

1) Stress-Strain Curve 
A stress-strain curve (Fig. 4) at a temperature of 325°C is used for the J integral analysis. 

2) Young modules and Poisson’s ratio 
E = 19200 kgf/mm2 and Poisson’s ratio v = 0.3 is used. 

(3) The Fracture Toughness Value (J mat) 

Jrc and J-A a Curve at 325°C of the base metal and weld metal is used for hcture toughness (Fig. 5). 

An extrapolated J - Aa curve based on the equation shown in the figure is also used for evaluation of 
crack stability, as required. 

(4) Crack Stability Evaluation Results 
Fig. 6 shows the relation between the half crack length(3t) and Japp, Jmat. The fracture behavior can be 

evaluated from the values of Jmat and Japp. When the Jmat is greater than J it indicates that the 

fracture toughness has a sufficient margin against the fiacture force. 
Table 1 shows the evaluation results of margins against tie maximum design load and against the crack 

aPP’ 



length. 
From Fig. 6 and Table 1, the safety margin of Jic against Japp is 2.6 times for base metal and 1.4 times 

for weld metal. This indicates that there was no initiation of ductile cracks under the maximum design 
load and that it will not lead to unstable fractures. Since Jmat is normally smaller for the weld metal 

than for the base metal according to Fig.5, the safety margins are always determined by the weld metal. 
The safety margin against the maximum design load is evaluated to be 2.2 times within the measured 
range of Jmat and 2.8 times against unstable fracture by the J-Tearing modulus evaluation method. 

Likewise, the safety margins against crack length are evaluated to be 1.7 times and 2.0 times 
respectively. 

5. CONCLUSION 

Crack stability evaluation was conducted by means of elastic-plastic fracture mechanics analysis. 
As a result, it was found that no ductile fracture would be initiated under the design load conditions,even when a 
circumferential throughwall crack is assumed to have a size of 6 times the wall thickness. 

Also, it can be evaluated that the safety margin against the maximum design load is 2.2 times within the measured 
range of Jmat and 2.8 times against unstable fracture by the J-Tearing modulus criteria. Likewise, the safety margins 

against crack length are evaluated to be 1.7 times and 2.0 times respectively. 

From these results, the crack is estimated to be stable and the integrity of low alloy steel primary coolant pipings is 
to be maintained with sufficient margin. 
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Table 1 Results of safety margin 

I Estimation Method 

FEM analysis 

Stress-strain 
curve: 
Base metal 

Base metal 
JIC 

Maximum value of B~~ m e d  I measured curve J-Aa I= 
Base metal 

J-T 1- Weld metal 

Safcty margin of Safety margin of  
bending moment I initial cnck length 

2.6 I 1.9 (835) 

1.4 I 1.3 (558) 

23 (1010) 

1.7 (758) 

2.8 I 2.0 (872) 

Note: The number within parenthesis means total cnck length (mm) 
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APPLICATION OF LBB TO A NOZZLE~IPE INTERFACE 

Y.J. Yul, S.H. Park', G.H. Sohnl,Y.J.Kim*,William Urko3 
1) Korea Atomic Energy Research Institute, 2) Sung Kyun Kwan University, 3) ABB Combustion Engineering 

ABSTRACT 

Typical LBB (Leak-Before-Break) analysis is performed for the highest stress location for each different type of 
material in the high energy pipe line. In most cases, the highest stress occurs at the nozzle and pipe interface location 
at the terminal end. The standard finite element analysis approach to calculate J-Integral values at the crack tip utilizes 
symmetry conditions when modeling near the nozzle as well as away from the nozzle region to minimize the model 
size and simplify the calculation of J-integral values at the crack tip. A factor of two is typically applied to the J- 
integral value to account for symmetric conditions. This simplified analysis can lead to conservative results especially 
for small diameter pipes where the asymmetry of the nozzle-pipe interface is ignored. The stiffness of the residual 
piping system and non-symmetries of geometry along with different material for the nozzle, safe end and pipe are 
usually omitted in current LBB methodology. 

In this paper, the effects of non-symmetries due to geometry and material at the pipe-nozzle interface are presented. 
Various LBB analyses are performed for a small diameter piping system to evaluate the effect a nozzle has on the J- 
integral calculation, crack opening area and crack stability. In addition, material differences between the nozzle and 
pipe are evaluated. Comparison is made between a pipe model and a nozzle-pipe interface model, and a LBB PED 
(Piping Evaluation Diagram) (Ref. 1) curve is developed to summarize the results for use by piping designers. 

INTRODUCTION 

The fundamental premise of LBB is that the materials used in nuclear power plant piping are sufficiently tough that 
even a large through-wall crack, which could result in coolant leaking rates well in excess of those detectable by 
present leak detection systems, would remain stable and would not result in a double-ended guillotine break under 
maximum loading conditions. Therefore, using ductile fracture mechanics analysis to determine if a hypothesized 
crack is stable in a pipe when subjected to a given loading is a key element to the demonstration of LBB for a piping 
system. 

Elastic-plastic fracture mechanics methods applied to finite element (FE) models have been used to develop 
evaluation procedures for flaws found or postulated to exist in piping. Application for these methods include the LBB 
evaluation for pipes with postulated through-wall flaws. They all strongly depend on the material tensile properties 
and its resistance to ductile crack extension. The LBB methodology used in this study is consistent with these methods 
and the guidance provided in NUREG 1061 Volume 3 (Ref. 2) and SRP 3.6.3 (Ref. 3) guidelines for ductile fracture 
analysis. 

A parametric study is performed for three cases to investigate the effect a nozzle on the J-Integral calculation, crack 
opening area (COA) and crack stability. Both pipe and nozzle-pipe models are developed for this study. The two 
models have the same small diameter pipe dimensions (12 inch SCH160) for all cases. The only variables are the 
crack length, applied load, and material properties chosen to represent a typical small diameter high energy piping 
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system. 

LBB EVALUATION PROCEDURE 

The use of LBB criteria permits the elimination of the evaluation of dynamic effects of sudden circumferential pipe 
breaks in the structural analysis of piping systems. A piping system that satisfies the criteria leaks at a detectable rate 
from a postulated flaw prior to growth of the flaw to a size that would fail because of applied loads resulting from 
normal conditions, anticipated transient, and a postulated safe shutdown earthquake. 

The LBB analysis in this study is a fracture mechanics based stability analysis. The analysis uses normal operating 
loads to determine a critical crack size for a postulated through-wall crack. The critical crack size is compared to the 
size of a leakage crack for which detection with appropriate margin is certain. When the critical crack sue is 
sufficiently larger than the leakage crack size the LBB requirements are satisfied. This procedure is diagrammed in 
Figure 1. 

HIGHEST STRESS. 

SSESTRESSES EACH MATERIAL 

I 
STRESSSTRAIN 

CRACKS (DLC) PROPERTIES 

1 I 

1 1 
I2XD'CI 

SSE LOADS 

Figure 1. Overall Leak-Before-Break Process 

The LBB procedure requires a margin on loading and crack length after a margin on detectable leak rate is applied. 
The margin on load (normal operating plus seismic) is a factor of 1.4 for an analysis of the detectable leakage size 
crack length which has a factor of 10 placed on the minimum detectable leakage rate. The margin on crack length is a 
factor of 2 in addition to the margin of 10 on detectable leak rate. The detectable leakage crack is a through-wall crack 
which leaks at 10 times the leak detection capability. For this study, the minimum detectable leakage rate of 1 gpm is 
used. The crack area and length is calculated using PICEP (Pipe Crack Evaluation Program) developed by EPRI (Ref. 
4). 

The J-Integral and its derivative with respect to crack extension, are calculated for load with a margin of 1.4 and given 
detectable leakage crack length; and twice the detectable leakage crack length and load. A J-Integral vs. dJ/da load 
curve (J-T diagram) is developed for each crack size and plotted against the material curve. The point of intersection 
of the load curve and material curve is the load that causes crack instability. The instability load is compared to the 
actual applied load at that point. If the applied load is less than the instability load, that point passes the LBB criteria. 
If the applied load is greater than the instability load then the point fails the LBB criteria. Figure 2 shows this 



approach. For a detailed description of the LBB evaluation procedure refer to Ref. 5. 

, Instability Load 

I I I 
dJ - dJ - dJ - 

da da da 

Typical Loading Typical Material 

Figure 2. Stability Evaluation 

ANALYSIS 

The FE model is simply a means for applying loading to a section of pipe containing the hypothetical crack at some 
location in the piping system. It provides a way to characterize the local plastic deformation at the crack tip. 

Two three dimensional, 20 node, isoparametric brick FE models are developed for this study using the CE MARC 
program (Ref. 6). One model is for a continuous straight pipe and the other model is for the nozzle-pipe interface. 
The FE model for the continuous pipe is shown in Figure 3(a). Since the crack is assumed to be aligned with the 
moment, two planes of symmetry (1st symmetry and 2nd symmetry) are used to minimize the size of the FE model. 
Therefore, the model represents one quarter of the pipe as shown in Figure 4. The model for the nozzle-pipe interface 
is also shown in Figure 3(b) which includes the pipe and nozzle. Here one plane of symmetry (2nd symmetry) is used 
to minimize the model size, meaning that one half of the nozzle-pipe interface is modeled. The length of the free end 
pipe is chosen to be at least five pipe diameters in order that the point of load application not be close to the crack 
location. 

Pipe Model 

Nonle-Plpe Model 

Figure 3. Finite Element Models Figure 4. Typical Idealization of Nozzle-Pipe and 
Straight Pipe for LBB Analysis 

The detailed analysis of through-wall cracks requires consideration of the material properties for the pipe and nozzle. 
The material toughness property (J-R curve) and the tensile strength (stress-strain curve) are essential to the LBB 
evaluation. The ductile fracture parameter, J-Integral, is used to characterize the propensity for crack extension and 
stability and is highly dependent on the stress-strain curve or load-displacement curve. To investigate the effect that 
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different material properties have on crack stability, two materials were chosen for this study - carbon steel and 
stainless steel. These materials are widely used for piping systems in the nuclear industry and have very different 
material properties. Stainless steel is more "plastic" than carbon steel. Also, stainless steel has much higher fracture 
toughness characteristics than those of carbon steel. Figure 5 presents the stress-strain curves used in the finite element 
analysis. Figure 6 shows the J-R curve for stainless steel weld material (SMAW). This material data represents the 
lower bound J-R curve for the stability analysis. 
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Figure 5. Stress-Starin Curve used in Analysis Figure 6. J-R curve for Stainless Steel Weld Material 

For consistency, a transverse bending moment load is applied to each of the FE models at the far end of the pipe away 
from the crack. The moment is applied as a linear traction across the pipe cross section. Also, boundary conditions are 
imposed on each model based upon symmetry and crack location. The crack surface area is free from constraint. 

For each of the FE models (1/4 and 1/2 symmetry) three different crack lengths are developed for the leakage crack 
and twice the leakage crack to consider the effect of crack extension. One set of models, having crack sizes of a-d, a, 
and a t d  at normal operating loads is used to demonstrate safety margin on the load. ''a'' is the detectable leakage crack 
length, and "d" is a small increase or decrease in 'la''. Another set of models, having crack lengths 2a-d, 2a, and 2atd, 
is used to demonstrate the margin on crack size. The J-Integral values are computed for each of the three different 
crack lengths per FE model. A polynomial curve fit of the J-Integral is made as a function of crack length and three 
constants. The curve is differentiated to provide loading J vs dJ/da curves for each of the stability evaluations. These 
evaluations are made by comparing the J vs dJ/da loading curve to the J vs dJ/da material curve. 
Three cases are investigated in the parametric study to compare the effect of the stiffer nozzle-pipe model on the LBB 
stability results versus the conventional symmetric pipe model. Figure 7 shows the materials combinations used for 
the three cases studied. Both pipe and nozzle-pipe FE models are used in this study. 

CARBON STEEL CARBON STEEL RIGID NOZZLE 

-@=@ @EQ 
NoalePipe Model NonlePipe Model NoalePipe Model 

STAINLESSSTEEL 
w 

Pipe Model Pipe Model 

I 

f- STAINLESSSTEEL JJ 
I Pipe Model 

(CASE 1 ) (CASE 2) (CASE 3) 

Figure 7. Material used for the Three Cases 



The following comparison is made between the two models: 

a) the calculated J-Integral 
b) the crack opening area 
c) the detectable leakage crack length 
d) the stability calculation (J-T diagram) 
e) the LBB PED curves 

One LBB evaluation using the finite element method requires a minimum of six finite element analyses per model for 
the simple pipe model. In addition, for the nozzle-pipe model an iterative procedure of FE analyses and PICEP 
analyses is needed to find an appropriate crack length which leaks at 10 gprn. The stiffness of the nozzle being 
included in the stability analysis must also be included in determining the crack opening area to be used in the leakage 
calculation. This procedure is as follows: 

Step 1: Assume a flaw length in FE model. 
Step 2 Apply normal operating load to the FE model and calculate the crack opening area. 
Step 3: Using PICEP with the same length flaw vary the applied moment until the area is the same area as 

Step 4: If the PICEP flow is greater than 10 gpm the crack length is decreased - go to step 1. 
calculated with the FE model. 

If the PICEP flow is less than 10 gprn the crack length is increased - go to step 1. 
If PICEP flow is 10 gpm - STOP. 

DISCUSSION OF RESULTS 

A review of material and geometry characteristics provides a meaningful understanding of the results of this study. 
Typical piping stainless steel has higher fracture toughness properties, absorbs more plastic strain for a given load and 
is more ductile than typical piping carbon steel. For a given load, a stainless steel pipe can sustain a larger through- 
wall crack size before the crack becomes unstable. A stainless steel pipe with a fixed size through-wall crack will be 
able to absorb more load before the crack becomes unstable. Stainless steel has higher resistance to crack extension 
(requires more energy at the crack tip for the onset of crack extension) than carbon steel. 

The size of pipe can also greatly influence the calculation of the J-Integral. Larger diameter pipes are stiffer than 
smaller diameter pipes. A large diameter pipe with the same crack size, load and material as a small diameter pipe will 
have less plastic deformation at the crack tip and a lower calculated J-Integral. Attaching a larger diameter nozzle to a 
smaller diameter pipe results in a stiffer piping system. A throughwall crack at the nozzle-pipe interface will have less 
plastic deformation at the crack tip than the same size pipe without the attached nozzle. The displacement contribution 
at the crack tip to the J-Integral calculation from the stiffer nozzle side is less than from the pipe side. Varying both 
material properties and geometry in the same model complicates the J-Integral calculation further. 

In order to make comparison between the pipe model and nozzle-pipe model easier, the J-Integral calculations are 
presented as the ratio of nozzle to pipe versus the applied load where 

Jpipe = calculated J from the pipe model 
Jnozzle = calculated J from the nozzle-pipe model 

The focus of this study is the relative results between the two models because of material property and geometry 
differences. The magnitude of the J-Integral for both models is of secondary importance. The results are plotted for 
Case 1, Case 2, Case 3 and different crack sizes - 30,38,64 and 72 degrees - in Figures 8 through 10. 

The ductile fracture mechanics analysis using the FE models calculated the J-Integral values for incremental applied 
moments. These J-Integral results are tabulated and the ratio of nozzle-pipe model results to pipe model results are 
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shown in Figures 8 through 10. The nozzle is either carbon steel or rigid. The attached pipe is either stainless steel or 
carbon steel. The single pipe is also either stainless steel or carbon steel. Figures 8a and 8b show the ratio of the 
calculated Jnozzle to Jpipe results versus applied loads with a 30 degree and 64 degree crack size for the three 
material combinations cases. Figure 9 shows the same plots but for a carbon steel nozzle-stainless pipe interface and 
stainless single pipe with crack sizes of 30, 38, 64 and 72 degrees. Figure 10 has the same crack sizes and pipe 
material properties except the nozzle is rigid (having a very large modulus of elasticity) - the displacement 
contribution at the crack tip from the nozzle side is insignificant to the J-Integral calculation at the interface. 
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Figure 10. J-Ratio for Different Crack Angle (Case3) 

Certain observations can be made regarding the J ratio and applied load. Looking at Figures 8 through 10, when the 
applied load is relatively low (highest J ratio), the difference in J ratio between the nozzle-pipe model and pipe model 
is smallest between case 1, case 2 and case 3 (reflecting material property) and largest between crack sizes. As the 
applied load increases, the differences in J ratio between the two models for case 1, case 2, case 3 and various crack 
sizes increase and converge to fixed values regardless of load increase. This indicates that with initial lower applied 
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loading the displacement at the crack tip is relatively small, having a large elastic component, is material and pipe size 
dependent, and is less influenced by the nozzle stiffness. As the applied load increases, the displacement at the crack 
tip accumulates very large local plastic strains caused by a large crack opening area. Also, at these large applied loads, 
the effect of material property and pipe size have less influence on the crack tip displacement, while the nozzle 
stiffness contributes significantly to the crack tip displacement. 

Figure 11 compares the crack opening area (COA) between. the pipe model and nozzle-pipe model. The nozzle is 
carbon steel while the pipe is assumed to be stainless steel - case 2. When the applied load is small the difference in 
COA between the two models is small even as the crack size is increased. Applying a large load results in a significant 
difference in the COA between the two models as the crack size is increased. 
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Crack An## Id.gm1 

Figure 11. Crack Opening Areas for 1x10s and 1x106 Applied Load (Case 2) 

A comparison is made between the two models (case 2) of the detectable leakage crack (DLC) length applying normal 
operating loads (NOP). Looking at Figure 12, for small NOP loads the difference between the nozzle-pipe model and 
pipe model is small. As the NOP load is increased, the detectable leakage crack length significantly varies. Figure 13 
shows the same DLC results as a ratio of nozzle-pipe model to pipe model versus NOP loads. 
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Figure 14 presents a PED for the nozzle-pipe model and the pipe model (cpe 2) where "A" is the detectable leakage 
crack length. These results define the LBB requirements to the piping designer. Two complete LBB evaluations are 
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performed for each model to determine the maximum allowable stability load; one evaluation for a low normal 
operating load, and the other for a high operating load. These loads span the typical operating loads for the piping 
system. In developing the allowable loads, the appropriate LBB margins are included. The resulting LBB solutions are 
plotted as a set of allowable curves for the maximum design basis load, such as the seismic load versus the normal 
operating load. The stiffer nozzle-pipe model can absorb higher loads for a crack size that leaks at 10gpm than the 
same diameter size pipe model. Figure 15 takes the LBB results used to develop PED curves and shows the allowable 
loads as the ratio of nozzle-pipe model to pipe model versus normal operating loads. 
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Figure 15. Ratio of Stability Load (Case2) 

CONCLUSION 

As part of an LBB evaluation, a series of elastic plastic fracture mechanics analysis results using the FE method has 
been presented for a nozzle-pipe model and a pipe model. The comparison between the two models are in the form of 
a ratio between the models. This provides a means of normalizing the results for easier comparison. Depending on the 
magnitude of applied load trying to open the crack area, the size of crack length and the materials used, the ratio of 
nozzle-pipe model to pipe model can be either small or very large for small diameter piping systems. This study 
concludes that using the traditional simplified FE pipe model to evaluate LBB for a small diameter pipe near the 
terminal end, where geometric and material properties usually vary, can lead to over conservatism by a factor of up to 
5 compared to a FE nozzle and pipe model. 

Since the nozzle-pipe analysis can be costly and time consuming, a parametric study, similar to that presented, could 
be extended to bound certain size piping systems and loads to obtain the corresponding ratios. These ratios or 
"correction factor," can then be applied to the simple pipe model analysis of future piping systems whose sizes fall 
inbetween the bounding cases. This would be cost effective and reduce conservatism inherent in the simple model 
approach. 
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ABSTRACT 

A two-year Finnish-Russian cooperation program has been initiated in 1995 to demonstrate the applicability of the 
leak-before-break concept (LBB) to the primary circuit piping of the Leningrad NPP. The program includes J-R 
curve testing of authentic pipe materials at full operating temperature, sGreening and computational LBB analyses 
complying with the USNRC Standard Review Plan 3.6.3, and exchange of LBB-related information with emphasis 
on NDE. Domestic computer codes are mainly used, and all tests and analyses are independently carried out by each 
party. The results are believed to apply generally to RBMK type plants of the first generation. 

1 INTRODUCTION 

Extensive measures have been in progress at the Leningrad nuclear power plant (LNPP) since the early 1990's to 
upgrade the integrity of the main pressure retaining components [l]. The Research and Development Institute of 
Power Engineering (RDIPE), representing the main designer has actively participated in development of automatic 
metal condition monitoring and leak detection systems. By proposal of RDIPE, a comprehensive and systematic 
program has been initiated to upgrade all RBMK plants by implementation of the LBB concept [2]. 

The Finnish-Russian cooperation for upgrading the LNPP stems from 1992. It has centered around operational 
safety, fire safety and integrity of pressure retaining components. The last item has involved numerous in-service 
inspections conducted by Finnish specialists. Quite recently, it was agreed between RDIPE, LNPP and the 
participating Finnish organizations STUK and VTT about extending the cooperation to LBB implementation. A 
two-year program was established in aim to demonstrate the applicability of the LBB concept to the primary circuit 
piping of the LNPP. The program includes a study of mechanical properties and static crack growth resistance 
characteristics of materials as well as detailed stress, fracture mechanics and leak rate calculation analyses. The results 
of these analyses will support the statement about LBB concept applicability to RBMK primary circuit piping and 
justify the requirements to in-service inspection and leak detection systems. This paper describes of the main tasks, 
the methodologies to be applied and the current status of the program. 
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2 THE LNPP PRIMARY CIRCUIT PIPING 

Item 

Outer diameter [mm] 

Wall thickness [mm] including 
5 mm cladding (OSChl8HlOT) 

2.1 Desim and manufacture 

Straight pipe Elbow 

828 858 

38 53 

The LNPP units 1 and 2 are located in Russia, 5 km south-west of the city of Sosnovy Bor, at a distance of ca. 100 
km from the southern coast of Finland. The plants belong to the first generation of RBMK- 1000 plants and were 
commissioned in 1974 and 1975, respectively. The second generation units 3 and 4 were commissioned 5 years later 
and their design fulfilled more stringent requirements. In 1989, the utility embarked on step-by-step upgrading of the 
units to meet the current Russian safety regulations. 

As a pressure tube reactor plant, the LNPP involves a large amount of primary circuit piping of various sizes in close 
proximity to each other whose integrity is of vital importance to plant safety. The coolant circulates in 2 independent 
loops, each having 4 main circulating pumps (MCPs) for discharging the coolant to one half of the fuel channels via a 
system of headers. In each loop, the two-phase flow is fed from fuel channels to 2 drum-separators, from where the 
separated water flows towards the MCPs via 24 downcomers and a suction header. A section of one loop between the 
drum separator and the distribution groop header is shown in Figure 1. Dyring normal operation, internal pressure is 
8.6 MPa and the temperature of coolant is 270 'C. 

The large diameter primary circuit piping on the suction and discharge sides of the MCPs is made from low-carbon 
22K ferritic steel, which is gradually being replaced by ferritic 19MN5 steel during the upgrading program. The 
cross-sectional dimensions are given in Table 1. The radius of center-line curvature of elbows is 1100 mm. At 
either unit the piping is cladded with austenitic stainless steel of type 08ChlSHlOT. Welds are made according to 
Rules [3 & 41 by austenitic arc welding with the use of wire CV-08A and flux 348A or manual arc welding with the 
use of UONI 13/55 type electrode. The elbows of unit 1 contain axial welds. Dissimilar welds exist on the discharge 
side of each MCP owing to austenitic flow limiters appearing in Figure 1. The downcomers, 300 mm in diameter, 
are made from austenitic steel 08ChlSHlOT. 

Table I .  Cross-sectional dimensions of primary circuit piping of W P P  unit 2. 

2.2 Leak and metal monitoring 

The leak detection system of the first generation LNPP units is partially under development which aims at a 
sensitivity of 3.8 Vmin and a localization accuracy of 1 m. The system is based on monitoring of humidity, 
radioactivity of air and acoustic signals. 

In accordance with the current Russian Rules PNAE G-7-08-89 [5], a control of metal condition is foreseen in 
course of operation and an appropriate NDE instruction is developed. For all primary circuit piping welds a 100 per- 
cent ultrasonic control is carried out once during each period of four years. To assess control results, tables of allow- 



Figure 1. Layout of components in one circulation loop at the sectionfrom drum-separator to distribution group 
header [l]: drum-separator (I), downcomers (2), suction header (3), pressure header (4), valves (S), check valve (6), 
main circulation pump (7), distribution group header (S), stream branch (9) 
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able defects can be used. A feature specific to Russian Rules is cutting samples of the circuit for examination after 
every 100 000 hours of operation. A typical example of mechanical properties attained in such examination at full 
operating temperature is given in Table 2. 

Material E A Z Rnl Rp0.2 
GPa % % MPa MPa 

22K 180 25 52 430 196 

UONI 13/55 180 23 52 460 304 

180 26 45 500 248 

(base material) 

(circumferential welds) 
ICv-OSA wire with flux 348A * 

(axial welds) 

*)Kd 
MPazliir 

140 

140 

- 

*) Before operation 

3 THE FINNISH-RUSSIAN UPGRADING PROGRAM 

3.1 Main activities 

Finnish-Russian cooperation for upgrading the safety of the LNPP has been under way since 1992. The program 
centers around three main areas which are operational safety, fire safety and integrity of pressure retaining components. 
Based on direct contacts between STUK and the LNPP, existing practices and technologies as well as ongoing upgrad- 
ing efforts have been extensively reviewed within these areas via mutual discussions, walkdowns, in-service inspec- 
tions and testing at Finnish laboratories. Comparative technical exchange visits to Finnish NPPs have also been 
organized for experts of the LNPP while representants of the Russian nuclear regulatory body Gosatomnadzor have 
been invited to attend. Whenever potential for further improving of safety has been found, the Finnish party has 
presented suggestions, supported the upgrading efforts and provided the plant with services and equipment based on 
Western technology. 

3.2 LBB cooperation 

As part of activities to improve the integrity of pressure retaining components, a two-year LBB cooperation program 
has been initiated in 1995. The Russian parties include the LNPP, the main designer RDIPE and its stress analysis 
centre ECS MAE RDIPE. The loading conditions are determined by the architect engineering company W E T .  In 
Finland, the nuclear regulatory body STUK coordinates analysis and testing tasks which are conducted by VTI' Energy 
and V'IT Manufacturing technology, respectively. The cooperation is funded in 1995 by the LNPP and the Finnish 
Ministry of Trade and Industry. 

The cooperation program aims at demonstrating the LBB concept for the ferritic large diameter primary circuit piping 
and the austenitic downcomer piping. Special attention is given to discontinuities such as elbows and T-connections 
whereas the valves and the MCPs are not considered. The demonstration follows the principles of the USNRC 
Standard Review Plan 3.6.3 [6], also stated in the Russian standard M-LBB-01-93, [7]. The analysis and testing 
tasks are independently carried out by parties of each country whereupon the results are compared and final conclusions 
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are made. 

A preliminary screening, conducted by the Russian parties, is available at the onset of the program. Based on quality 
assurance considerations regarding design and manufacture, the large diameter piping would qualify for LBB though 
potential for classical water hammer has not as yet been precluded. The water hammer issue, as well as stress corro- 
sion cracking susceptibility of austenitic piping with possible cold formed bends will be subject of further screening 
during the bilateral program. 

To check potential for thermal ageing and to yield the material stress-strain and J-R curves for fracture mechanics 
analyses, ferritic base and weld material samples, removed from service after over 100 000 h of operation since 1973, 
are tested at full operating temperature. A sample containing a ferritic to austenitic dissimilar weld is manufactured at 
the Izhora steel factory according to original procedure. The samples are identified and supplied with certificates of 
material and manufacture. VTI' uses these samples to manufacture the specimens whose final size and type will be 
decided based on first observations on ductility. J-R curves are determined in accordance with the ASTM El  152-87 
standard [SI. Crack plane orientations TL and LT (see Figure 2) are used, representing coplanar extension of axial and 
circumferential through-cracks. In case of the welds, radial extension of surface cracks is also considered via test for 
crack plane orientations TS and LS. 

Non-linear finite element analyses are made for postulated cracks at axial and circumferential welds of straight pipes 
and elbows, and for axial crack at the crown of elbow. At most stressed locations, critical crack lengths are determined 
corresponding to normal operating and safe-shutdown earthquake (SSE) conditions. The internal forces and moments 
that constitute the loading at each location are taken from existing stress analyses where SSE intensity of 6' MSK 64 
was mandatory. The crack opening shapes and areas are evaluated for normal operating conditions; special-purpose 
thermal-hydraulic codes will be used for computing the respective leak rates. The finite element analysis results are 
compared with those obtained by means of estimation methods such as the R6, EPRI, Battelle, plastic limit load and 
moments methods. 

S (Short transverse) 

* First letter: direction of crack plane normal 
Second letter: assumed crack growth direction . 

Figure 2. Crack plane orientations to be used in material toughness testing. 
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The program also involves exchanging LBB-related information in the areas of NDE, continuous monitoring 
techniques and experimental validation of analysis results. As to NDE, the Finnish party provides education seminars 
and guidelines regqrdieg detection, characterization and acceptance of defects. Performance of Russian NDE equipment 
will be also reviewed. 

3.3 Computational svstems 

Both parties will mainly use domestic computer codes for computational LBB analyses. In VNIPIET, the ASTRA 
code is used for stress analysis at normal operating and SSE conditions. For elastic-plastic 3D fracture mechanics 
analyses with isotropic strain hardening, ECS MAE RDIPE employs the TAKT code which has been developed at the 
Moscow Institute for Physics and Engineering (MIFI). The code uses 20-noded isoparametric solid elements with 
automatic mesh generator. Collapsed elements and shift of intermediate side nodes enable modelling the crack tip 
opening displacement (CTOD) and strain singularity at crack tip. J-integral is evaluated by means of the domain 
method. Various computer codes are also available for application of estimation methods. Homogeneous equilibrium 
two-phase models are used for leak rate analysis where the crack opening area is obtained from analytical solution of 
plasticity-corrected linear-elastic fracture mechanics. 

The LBB computation system of V'IT Energy has been mainly developed in course of a LBB project ordered by STUK 
[9]. An interactive code LBBCAL performs quick tentative fracture mechanics and leak rate analysis based on 
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estimation methods. A finite element code EPFM3D is meant for complex situations and has a similar theoretical 
basis as TAKT. EPFh43D offers advanced colour graphics, mesh and distributed loading generators for various pipe 
component and crack geometry combinations, automatic crack area evaluation, J and CTOD evaluation along crack 
front and an option for analysis of entire piping system with cladding. Benchmarking of an in-house developed leak 
rate code CRAFLO, based on a homogeneous equilibrium two-phase flow model with phase slip, is under way; so far 
the well established SQUIRT2 code [lo] has been used. 

3.4 Preliminarv results 

In the initial phase, the TAKT and EPFM3D codes are compared by computing the stress fields at cantilevered 
uncracked elbow, subjected to unit forces and moments at the free end. A sample result given by EPFM3D for 
tangential stresses caused by in-plane bending is shown in Figure 3. The adjoining straight pipe section was added to 
enable easy modelling of the fixed end without constraining ovalization at elbow. Results of TAKT are expected after 
ongoing checks against the Russian stress analysis standard PNAE G-7-002-86 [ll]. 

The first comparative fracture mechanics exercises include analyses for: a) straight pipe with axial through-crack of 
various lengths under internal pressure of 8.6 MPa; b) straight pipe with circumferential through-crack subtending an 
angle of 40' and subjected to various bending moments. Figure 4 shows the finite element meshes used by VTT 
Energy. The crack front area was systematically modelled with well-shaped elements to prepare for abrupt stress and 
strain gradients. The stress-strain curve at temperature 27OoC was estimated using the PNAE G-7-002-86 standard. 
The respective leak rates, based on numerical crack opening area evaluation and SQUIRT2 analysis, are plotted in 
Figure 5. A progressive trend is visible in each case and may be attributed to dominance of skin friction at small 
crack opening displacements (CODs). 

Figure 4. Element mesh for straight pipe with axial and circumferential through -cracks. 
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Figure 5 qb. Leak rates from axially and circumferentially through-cracked straight pipes under internal pressure and 
bending moment, respectively. 

Preliminary numerical analysis has also been carried out to assess the temperature used in material toughness testing. 
From leak rate tests conducted e.g. during the last phase of the HDR research program [ 121, it is known that vaporiza- 
tion lowers the temperature of a leakage flow which in turn causes cooling in the nearby pipe material. Thermal 
shrinking then results which may control the crack opening area and the state of stress ahead of the crack tip. 

- velocity - 
O - G , ,  1 1  I I , ,  , I  I ,I I , I  1 1 '  I ,  1 1 '  1 I ,  I , I  1 I1 I I  I I 1  I I I  I 
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distance from inner surface [mm] 

Figure 6. Temperature, pressure and velocity profiles indicating leakage -induced cooling at through-crack 
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Reduction of the material toughness is also possible. The CRAFLO code was used to compute through-the-thick- 
ness temperature, pressure and flow velocity profiles for an illustrative application having wall thickness of 42mm and 
constant COD of 0.1 mm. The internal pressure and coolant temperature are 8 MPa and 263OC, respectively, and the 
leak discharges to atmospheric pressure. The liquid water is subcooled by 2OoC. The resulting profiles are plotted in 
Figure 6, suggesting that for small CODs the effect is fairly local and occurs near the outlet only where the tempera- 
ture drop is about 100°C. The affected area obviously increases with the COD; hence further studies of the overall 
impact on the LBB concept are being scheduled. 

4 CONCLUSION 

A two-year Finnish-Russian cooperation program has been initiated in 1995 to demonstrate the applicability of the 
LBB concept to the primary circuit piping of the Leningrad NPP. The results are believed to apply generally to 
RBMK type plants of the first generation. A preliminary screening, conducted by the Russian party based on quality 
aspects of design and manufacture, suggests that the large diameter ferritic piping would qualify for LBB. Further 
screening of potential for water hammer and stress corrosion susceptibility of austenitic piping will be undertaken. In 
material toughness testing, the test temperature will be assessed in view of a leakage-induced cooling of nearby pipe 
material. The comparative test and analysis schedules serve development of LBB methodology in both countries. 
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APPLICATION OF THE LBB CONCEPT TO NUCLEAR POWER PLANTS WITH WWER 440AND 
WWER 1000 REACTORS 

J. id'hrek, L. PeEinka 
Nuclear Research Institute Rei, Czech Republic 

INTRODUCTION 

For the WWER 440 Type 230 and 213 reactors and for the WWER 1000 Type 302,320 and 338 reactors, there are 
two characteristic safety issues 

only very limited anti-pipe whip provisions have been applied 

As a result of this situation the IAEA has decided to pay more attention to the LBB application issue in order 
to assist countries operating all this above mentioned reactors. A status report on the "Applicability of the Leak before 
Break Concept" was published IAEA Ill. More recently, "Guidance on the Application of the LBB Concept" was 
published in 1994 121, 

- there is a general lack of design information. 

The application of the LBB concept to the WWER NPPs in the former Czechoslovakia commenced in 1991. The final 
safety case for the NPP Jaslovsk6 Bohunice, units 1 and 2 (WWER 4401230) was the first to be completed. This was 
submitted to the Office of Nuclear Supervision of Slovak Republic for approval. This safety case was based on the 
results of a plant specific LBB programme. By the end of 1994, the final safety cases for all the remaining WWER 
440 type 213 NPPs in the Czech Republic (NPP Dukovany, units No 1 & 4) and Slovak Republic (NPP Jaslovsk6 
Bohunice, units No 3,4 and NPP Mochovce, unit No 1,2 (under construction)) had been completed. The have been 
submitted to the respective Regulatory Bodies for approval. In August 1995 the final safety case for the NPP Temelin 
(WWER 1000/320) was completed and submitted to the State Office ofNuclear Safety of Czech Republic for approval. 

DEVELOPMENTS AND LEGISLATIVE MILESTONES FOR THE WWER REACTORS 

Period before 1973 
During this time the WWER 440 Type 230 were designed and put into operation. The standards (NTDs) for the design 
and construction of conventional power plants were used and only some nuclear NTDs had been introduced. These 
related to radiation protection, the nuclear chain reaction and irradiation effects of material. A design basis accident 
(DBA) was been postulated as the loss of integrity of the primary piping equivalent to a pipe break of 32 mm diameter. 
The safety concept also required that essential primary circuit equipment and its auxiliary systems should have high 
reliability during their lifetime. Furthermore, it was specified that protection against human errors be based, to a 
considerable extent, on organizational measures aimed primarily at the prevention of accident initiating events. These 
measures included in-service inspection (ISI) and control of the quality of thk manufacturing and installation of primary 
circuit equipment. For these reasons pipe whip restraints and barriers against jet impingement forces were not 
introduced into design and construction. 

Period from 1974 to July 1982 
The WWER 440 Type 213, WWER 1000 Type 187 and WWER 1000 Type 302 were designed and a put into 
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operation during this time. 

At the end of 1973, the basic nuclear document "General Provisions for Assuring Safety during Design, Construction 
and Operation of NPPs" OPB 73 was issued. The OPB - 73 was supplemented by a other NTDs. For design of 
pressure retaining components following NTDs are the most important relevant: . Strength Calculation Standard for Components and Piping of NPPs, Experimental and Test Reactors 

General Provisions for Welded Joints and Components of NPPs, Experimental and Test Reactors (SP 1513 - 
72) 

Regulations for Control of Welding Joints and Components of NPPs, Experimental and Test Reactors (PK 

. 

. 
1514 - 72) 

For all above mentioned reactors the double ended guillotine break (DEGB) has been postulated as a design basis 
accident. For the-WWER 440/213 Type plant it was decided to introduce pipe whip restraints and jet impingement 
barriers for the primary piping, pressurizer surge lines, steam piping and feedwater lines inside containment. The pipe 
whip restraints have not yet been completed all the operating plants. 

Period from July 1982 to June 1990 
The WWER 1000/320 and WWER 1000/338 were designed and put into operation during this time. Also in July 1982 
OPB - 73 was replaced by a new version, OPB - 82 and a new NTD system was established. The primary piping, 
steam piping and feedwater lines inside containment are designed without pipe whip restraints for the WWER 1000/320 
& 1000/338 plant. 

Period after July 1990 
In July 1990, a new NTD document, OPB - 88, came into force replacing OPB - 82. This new version included many 
important changes. The NTD system related to OPB - 88 were used to design the new generation of WWER 1000 
NPPs (Version 91 and 92). 

LEGISLATIVE BASIS AND REQUIRED PROCEDURES FOR THE LBB CONCEPT IN CZECH REPUBLIC 

The leak before break (LBB) concept adopted in the Czech Republic /3/ is based principally on US NRC NUREG - 
1061 /4/ and the Standard Review Plan, Section 3.6.3 /5/. The guidelines in these documents require demonstration 
that a through thickness defect, from which the leak can be detected, will remain stable when subject to normal 
operation and seismic loadings. 

The procedure is simple in principle and can be summarized as follows 
i) 

ii) 

iii) 

identify those locations in the pipework at which the highest stresses occur in combination with the least 
favourable material properties 
demonstrate by fatigue crack growth analysis that a defect which wduld be permitted by the acceptance criteria 
of Section XI of the ASME Code at each of these locations will not grow significantly during service 
postulate through-wall cracks of sufficient size to ensure their detection by means of leak detection systems 
and demonstrate that these crack will be stable even when subjected to the loads imposed by a safe shutdown 
earthquake (SSE) occurring during normal operation 
show that the corrosion-erosion damage is negligible iv) 

To demonstrate that the requirements can be met , the following work is required: 
- static and seismic analysis of main circulation loop and stress analysis of highly stressed components 

assessment of stability of heavy component supports 
determination of fracture mechanics properties. 

- analysis of water hammer 
- 
- 



The location of highest stress coincident with least favourable material properties is determined for base materials, 
weldments and safe ends and for the load combination associated with normal operation and the simultaneous 
occurrence of a SSE. 

For each location where LBB is to be evaluated, a through wall crack of a length corresponding to a 3.8Vmin leak 
multiplied by the safety factor 10 is postulated under normal operating condition. This crack length is called L,,. 
If a critical through-wall circumferential crack length is introduced corresponding to the plastic collapse under normal 
operation conditions (NOC) and site specific SSE as LcriLSSE then the following condition must be fulfilled: Lc,.iLss&l~ 
> 2. The safety factor for loads, defining the stability against brittle fracture must be higher than 1 or 1.4 according 
to the type summation (absolute or algebraic), see /2, 5/. 

VALIDATION AND VERIFICATION OF PROCEDURES 

The following validation and verification programmes have been performed - experiments with through wall crack on full scale components including; the reactor pressure vessel safe-end, 

leak rate and diagnostic tests on an experimental loop with coolant parameters 12.5 MPa (1785 psi) and t = 

the pressuriser nozzle safe-end, and the steam generator elbow with circumferential and simulated longitudinal 
welds, 

290°C (554°F) with a range of pipe sizes up to a max. pipe diameter 200 mm (7.9 in). 
The experimental results have been compared with theoretical assessments (pre-test and post-test calculations). 

- 

Note that the guidelines do not require all this programmes. 

LESSONS LEARNED FROM THE LBB CONCEPT APPLICATION 

For the WWER 440/230 type following lessons were learned 

. 

0 the statistical evaluation of the leakage crack lengths L,, in all weldments of the three loops of WWER 440 
Type 230 shows that the median value is 199 mm. This is approximately 11.2% of the main circulating pipe 
outside diameter circumference. The corresponding L,, value with 95% non-exceedance probability (median 
I- twice of standard deviation) is then 290 mm, see Fig. 1, 
the statistical evaluation of calculated plastic collapse lengths Lcris SSE for Safe Shutdown Earthquake (SSE) 
with peak ground acceleration (PGA) of 0.25 g and gravel-sand type base, the median value is 718 mm 
(40.4% of the outside circumference). The corresponding 95% non-exceedance probability is then 915 mm, 
see Fig. 2, 
the statistical evaluation of safety margin LcriL ssE/L,, give the median value 3.6, which is less twice the 
required value of 2, see Fig. 3, 
the comparison of the seismic upgrading criteria in terms of High Confidence of Low Probability of Failure 
values (HCLPF) and LBB safety coefficient L&,SsE/L,, shows that the LBB requirement L ~ ~ s s E / L , ~  > 2 is 
much more restrictive than the seismic margin condition for HCLPF. It means that in some cases the 
additional installation of viscous dampers has been necessary /6/ for the fulfilment of Lcri,ss$L,, criterion 
even though the HCLPF criterion has been fulfilled, 
the water hammer event is assumed to be caused by the sudden failure of the main circulating pump shaft with 
the consequent pressure wave propagation. The resulting stresses are shown to be negligible in comparison 
with seismic stresses, 
the fatigue crack growth of the initial cracks postulated in accordance with the IWB- 3500 article of the 
ASME Code, Section XI is not significant. The maximum value of the crack depth at the end of the design 
life (30 years) is 11.6% of the wall thickness, 
stability of heavy component support has been demonstrated. This addressees in part the indirect LOCA issue, 
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three independent leak detection systems have been successfully installed, using acoustic emission, activity 

the corrosion mechanisms, mainly stress corrosion cracking and combined corrosion fatigue damage are not 

the results of fracture mechanics tests on the base metal, HAZ and weld metal confirmed the high values of 

of nozzle gases and humidity or sump level measurements, 

significant based on experimental tests, 

fracture toughness and adequate J-resistance curve data, see section "Validation and Verification Procedures". 

. 

. 

For the WWER 4401213 type following lessons were learned 

. the statistical evaluation of the leakage crack lengths L,, in all the weldments of the six loops of a WWER 
440 Type 213 shows that the median value is 142 mm. This is approximately 9% of the main circulating pipe 
outside diameter circumference. The corresponding L,,, value with 95% non-exceedance probability (median 
+ twice of standard deviation) is then 238 mm, see Fig. 4, 

with peak ground acceleration (PGA) of 0.25 g and for the two plants located on a good rock base but with 
different design response spectra shows that the median values are 710 mm and 700 mm (approximately 40% 
of the outside circumference). For the seismically upgraded primary loops with the Safe Shutdown 
Earthquake peak ground acceleration of 0.25 g and gravel-sand type base, the median value is 690 mm (38.8% 
of the outside circumference). The corresponding 95% non-exceedance probabilities are 840 mm, 825 mm 
and 816 mm respectively. These are show in figures Fig. 5, 6 and 7, 

twice the required value of 2, as shown in 8, 9 and 10, 

4401230 type 17, 8, 91 

WWER 4401230 type 17, 8, 91, 

Type 230, 

. the statistical evaluation of calculated plastic collapse lengths L,,, SSE for Safe Shutdown Earthquake (SSE) 

the statistical evaluation of safety margin L,,, SSE/Lleak gives of 4.7, 4.45 and 4.3, which is approximately 

the seismic upgrading criteria and LBB safety coefficient Lei, ssE&, are in the same conflict as four WWER 

the seismic upgrading criterion HCLPF and LBB safety coefficient Lc,, SSEILleak are in the same conflict as for 

the water hammer event, fatigue crack growth and corrosion mechanism are negligible as for WWER 440 

the used material is identical with WWER 440 Type 213 and therefore all previous conclusions are valid 

. 

For the WWER 10001320 type the following lessons were learned 

the statistical evaluation of the leakage crack lengths L,,, in all the weldments of the four loops of the WWER 
1000 Type 320 shows that the median value is 224 mm. This is approximately 7.2% of the main circulating 
pipe outside diameter circumference. The corresponding Llak value with 95% non-exceedance probability 
(median + twice of standard deviation) is then 275 mm, see Fig. 11, 

L,, SSE for Safe Shutdown Earthquake with peak ground acceleration (PGA) of 0.1 g and for the plant located 
on a good rock base shows that the median value is 1195 mm (38.2% of the outside circumference). The 
corresponding 95% non-exceedance probability is 1585 mm (50.7% of the outside circumference), see Fig.12 

times that the required value of 2, see Fig. 13, 

means that the additional installation of viscous dampers has not been necessary for the fulfilment of L,,, 
ssE/Ll, criterion 1101, 

Type 213 and 230, 

fracture toughness and adequate J-Aa data for used ferritic steel lOGN2MFA. 

. the statistical evaluation of calculated values of plastic collapse crack length 

the statistical evaluation of safety margin L&, ssEILl,k gives the median value 5.6, which is approximately three 

the seismic upgrading criterion HCLPF and the LBB safety coefficient Lcit. SSE/Lleak are not in conflict. It 

the water hammer event, fatigue crack growth and corrosion mechanisms are negligible as for WWER 440 

the results of fracture mechanics tests on the base metal, HAZ and weld metal confirmed the high values of 

. 
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CONCLUSIONS 

In period 1991 to 1995 NRI, I & M Division have applied the LBB concept to four NPP's with three different types 
of WWER reactors. Experience shows that 

the main circulating pipework and pressurizer surge lines of WWER type reactor are able to meet the leak 
before break requirements of the CSKAE which are based on NUREG 1061 & NUREG 0800, but the seismic 
measures are needed, 
the median values of LI, are approximately 11% resp. 9% of the main circulating pipe outside diameter for 
WWER 4401230 resp. 4401213 types and 7.2% for WWER 10001320 type reactors, 

the median value of LCit, SSE for all WWER reactors is approximately of 40% of outside diameter of the main 
circulating in loop piping, 

4401213 types and 5.6 for WWER 10001320 type, 

that for WWER 10001320 type. This is as a result of the WWER l000/320 type main circulating pipe being 
more rigid than that of the WWER 4401213 type, 

safety requirements, the WWER 10001320 have larger safety margins on the basis of LBB assessment 

- the value of plastic collapse length Lais SSE for SSE depend on the PGA value and type of soil. In general, 

the median values of safety margin ratio L,,, ssE/Llcak are approximately 3.6 resp. 4.5 for WWER 4401230 resp. 

the standard deviations of Ll,, L,, SSE and L,., SS&lcak ratio are for WWER 4401230 and 4401213 higher than 

the findings confirm that although the WWER 4401230 and 4401213 plant can be shown to meet the necessary 

- 
- 
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Statistical evaluation of Le,,,. SSE for ail six loops of VVER 440 type 213 
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PRACTICAL APPLICATIONS OF THE R6 LEAK-BEFORE-BREAK PROCEDURE 

P. J. BOUCHARD 
NUCLEAR ELECTRIC PLC 

ABSTFUCT 

A forthcoming revision to the R6 Leak-before-Break Assessment Procedure is briefly described. Practical 
application of the LbB concepts lo safety-critical nuclear plant is illustrated by examples covering both low 
temperature and high temperature (>45OoC) operating regimes. The examples highlight a number of issues which 
can make the development of a satisfactory LbB case problematic: for example, coping with highly loaded 
components, methodology assumptions and the definition of margins, the effect of crack closure owing to weld 
residual stresses, complex thermal stress fields or primary bending fields, the treatment of locally high stresses at 
crack intersections with free surfaces, the choice of local limit load solution when predicting ligament break- 
through, and the scope of calculations required to support even a simplified LbB case for high temperature steam 
pipe-work systems. 

INTRODUCTION 

Revision 3 of the R6 defect assessment procedure was first published in 1988 [I]. Since then R6 Revision 3 has 
been regularly reviewed and the document updated as knowledge and techniques in the field improve [2]. In 
November 1990 a new appendix to R6 was issued (Appendix 9) setting out a procedure for leak-before-break (LbB) 
assessment of pressurised components, with recommended methods for carrying out each of the steps involved. The 
main steps of this procedure are: 

a) to characterise the development of postulated or actual part-penetrating defects, 
b) to estimate the defect length after break-through, 
c) to assess through-wall crack growth, 
d) to determine leakage rates for idealised through-wall cracks, 
e) to evaluate the largest through-wall crack size which can be tolerated under all plant operating conditions, and 
f )  to perform a sensitivity analysis supporting claimed LbB margins 

For a satisfactory LbB case it must be shown that stable break-through of a part-penetrating defect occurs and that 
the resulting through-wall crack leaks at a sufficient rate to ensure detection before it can grow to the maximum 
tolerable size. However, the procedure does not preclude less rigorous LbB arguments based on postulated through- 
wall cracks such as the NUREG 1061 approach for light water reactor (LWR) pipe-work published by the US 
Nuclear Regulatory Commission [3]; that is a LbB case based on steps d) and e) listed above. 

Knowledge and understanding of LbB issues have significantly advanced 6 the last five years; through practical 
applications of LbB concepts to operating plant world-wide, particularly in the nuclear industry; and via 



experimental and theoretical work such as that carried out under the International Piping Integrity Research Group 
(IPIRG) Program and USNRC Short Cracks in Piping and Piping Welds Program. 

These advances in understanding are reflected in a major revision to R6 Appendix 9, which is expected to be issued 
by the end of this year (1995). The underlying principles for LbB assessment remain unchanged in the new 
procedure. However, a best estimate approach is advocated for all steps of the assessment apart from limiting 
through-wall crack size evaluation. Updated guidance is provided to help users select appropriate locations for 
analysis and carry out detailed assessments of defect break-through, complex cracks, re-characterisation, the 
significance of residual weld stresses, crack opening area, leak rates and leak detection. Papers 23,27 and 35 of this 
seminar [4], [5] and [6] describe some of the background to the advice on crack opening area, friction factors and 
leak detection systems. 

A major addition to the new procedure is the application of LbB concepts to high temperature plant where creep 
mechanisms - continuum damage and creep crack growth - play an important role. Paper 36 of this seminar [7] 
specifically addresses these high temperature aspects LbB and describes their treatment within R6. 

A further important change to Appendix 9 is to explicitly set out procedures allowing two levels of rigour: (1) a 
simplified procedure based on postulated through-wall cracks and 'detectable leakage' (analogous to a NUREG 1061 
approach); (2) a full LbB procedure where flaw shape development is modelled as the crack grows through the wall 
until break-through (as in the 1990 Appendix 9 described above). For both levels of argument, acceptable margins 
have to be judged from sensitivity studies reflecting the level of confidence in the input data and simplifying 
assumptions adopted, and an appreciation of the application context. 

The remainder of this paper describes the practical application of LbB concepts to safety-critical nuclear plant with 
examples covering both low temperature and high temperature (>45OoC) operating regimes. 

PRIMARY CIRCUIT APPLICATIONS 

Main Coolant LOOP Butt Weldg 

The first LbB example concerns the application of R6 Appendix 9 (1990) methods to demonstrate NUREG 1061 
LbB margins for the main coolant loop pipe-work of a light water reactor. This example illustrates how the simplest 
of LbB assessments may not be straightforward. 

NUREG 1061 requires that a through wall crack (TWC) should be postulated at locations where the highest stresses 
and poorest material properties coincide. Loading conditions to be considered are restricted to internal pressure and 
piping forces and moments (from dead-weight, thermal expansion and safe shut-down earthquake). The size of the 
postulated crack which gives a leak rate under normal operating conditions equal to 10 times the plant's installed 
detection capability is defined as the leakage crack size (LSC). It must be demonstrated that the postulated LSC is 
stable under normal plus safe shut-down earthquake (SSE) loads with a margin of at least 1.4 on total load. In 
addition, a crack size margin of at least 2 is required between the LSC and, the limiting size of through-wall crack 
under normal plus SSE loads. 

The scope of the LbB assessment was confined to the main pipe butt welds in the system. Six welds at piping 
terminal ends were chosen for detailed assessment as these were the most highly stressed, and the safe-end to nozzle 
transition welds had lower fracture toughness properties than welds elsewhere in the system. The installed plant 
leakage detection capability was taken to be 1.89 Vmin. 

A preliminary LbB assessment for each selected location was carried out following relevant R6 Appendix 9 
guidelines. Limiting through-wall crack sizes were calculated using the main R6 procedure with ASME I11 tensile 



properties and lower bound fracture toughness data for transition welds (for up to 2mm stable tearing). Crack 
opening areas were evaluated using the simple elastic formula quoted in R6 Appendix 9 (1990) and ASME 
properties. Leakage rates werc calculated using SQUIRT [8] with the default friction factors for a fatigue crack 
supplied with the computer code. This preliminary study showed that the RPV inlet nozzle to safe end weld (see 
Figure 1) was the worst location, where a crack size margin of 2 could only just be met for a leakage rate margin of 
5 (Le. well short of the required NUREG margin of 10). 

n w m n k m w  
VUYL (Rpvt 

Figure 1: Hot Leg Piping 

3 3.s 4 4.5 5 

AppEed Moment W m )  

Deflection for Cracked Weld 
Figure 2: Thermal Expansion Moment Versus Hot Leg 

A range of exploratory studies were carried out to investigate the sensitivity of the LbB assessment to the input data 
(pipe-work loadings, material properties) and assessment methods (for crack opening, leak rates and critical crack 
sizes). The studies showed that the LbB margins for the RPV outlet nozzle to safe end weld could be improved by: 

a) reducing the assumed pipe-work global bending loads, 
b) increasing the assumed material yield stress (for both COD and limiting crack size calculations), 
c) invoking larger amounts of stable ductile tearing in the R6 category 3 analysis (as allowed by NUREG 1061), 
d) using a less pessimistic crack opening area solution, and 
e) using more realistic friction factors for the leak rate calculations [5]. 

In addition, a review of published LbB assessments for other similar plant revealed that the pipe-work loads used for 
the initial assessment were exceptionally high, and that sometimes the defrnition of load margin has been based on 
SSE loads alone rather than normal operation plus SSE loads (the latter being specified by NUREG 1061). 

Given the outcome of these investigations, a more informed LbB analysis was carried out for the six selected 
locations. First, more realistic pipe-work loads were obtained, it being discovered that the original loads came from 
an over-constrained pipe-work analysis (the RPV nozzle terminal end had been rigidly fixed). The thermal 
expansion moment at the worst location was also reduced by about 9% (see Figure 2) through application of R6 
Appendix 11 for displacement controlled loadings. Secondly, 25% higher yield stresses were justified from a data 
base of measured results for material manufactured to an identical specification (note mean yield stress data was 
used for the COD calculation and minimum yield for limiting defect size evaluation). Thirdly, conservative fracture 
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toughness data were obtaincd from full thickness test specimens, so that large amounts of tearing could be validly 
claimed in the R6 category 3 limiting crack size analysis. Finally, the crack opening area was evaluated using a 
reference stress elastic plastic solution [4], and more realistic but conservative friction factors used for the leak rate 
calculations [5]. 

0.7 os 0.9 1 1.1 1 2  

Lr 
Figure 3: R6 Failure Assessment Diagram for a 

Typical Location 
Figure 4: Sensitivity Study for Crack Size Margin 

Application of these measures enabled a NUREG 1061 leak rate margin of 10 to be achieved for the worst location. 
Figure 4 presents results which illustrate the sensitivity of the crack size margin to fracture toughness, yield stress 
and reduction in thermal moment owing to displacement control. 

This example of a very simple LbB application was far from straightforward. Even so, issues such as the effect of 
nozzle constraint and weld metal on the crack opening area, the circumferential location of postulated cracks with 
respect to the orientation of different applied loads, the through-wall variations in thermal and residual stress have 
not been addressed. A full LbB case would also require assessment of break-through from postulated part- 
penetrating cracks and consideration of all operating load conditions, not just normal operation and SSE. 

An important underlying reason which made it difficult to demonstrate NUREG 1061 margins arose from the 
application of R6 based methods which may be more pessimistic than NUREG 1061 recommendations; for example 
NUREG 1061 permits extrapolation of J-R data well beyond the validity limits of normal CT specimens. R6 
Appendix 9 avoids prescribing specific margins, placing the onus on users of the procedure to justify acceptable 
margins through sensitivity studies. The above example demonstrates how dependent the apparent LbB margins are 
on the analysis assumptions and methods, and thus emphasises the importance of the R6 margins philosophy. . 



The key features of this LbB application involved the dominant role of residual weld stresses and complex thermal 
loadings in crack opening area and critical crack size calculations. 

An angular sector of a circumferential butt weld in a heat exchanger pressure vessel had been operating at 
temperatures high enough to give a small theoretical risk of local creep damage. Although plant modifications were 
carried out to reduce local operating metal temperatures and thus avoid fhture creep damage, an assurance of 
detectable leak rates from sub-critical cracks was required to support the safety case for continued operation. The 
initial assessment for this component failed to provide a satisfactory LbB case because: 

a) the limiting through-wall crack size was short (12% of circumference) being determined by high inner surface 
stress intensity factors from assumed weld residual stresses and bounding normal operation thermal stresses 
(note limiting crack sizes were determined by normal operating conditions and therefore stable tearing could 
not be invoked), and 

b) cracks of near critical length were predicted to be completely closed under the combined effects of pressure 
loading and postulated through-wall bending weld residual stresses. 

A detailed programme of 3D finite element analysis work was undertaken. First the residual weld stress distribution 
was modelled using a non-linear weld simulation analysis. Secondly, elastic stress intensity factors along the crack 
fronts were evaluated for the predicted residual stress distribution and cbmplex three dimensional temperature 
loadings, The latter analysis had to model a large part of the vessel to properly represent large variations in axial 
and circumferential temperatures (see Figures 5 and 6). Thirdly, non-linear cracked body analysis was performed 
for combined loadings to predict crack opening areas. 

b h m  mcotursd from datum along outs  m d i  (mm) 
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0 20 40 60 ea 100 120 40 160 180 
angle measured from datum (dsgraas] 0 sa 100150m250500350m4sa500550600650700 

longltudlnal diatanca from datum (mm) 

Figure 5: Temperature Distribution Figure 6 Thermal Stress Distribution at Weld 

Residual stress studies demonstrated much lower through-wall bending axial residual weld stresses than originally 
assumed, and the substantial benefits of performing elastic plastic analysis for combined residual stress and plant 
loadings [SI. The three dimensional stress analyses for thermal loading gave surprising results in that they predicted 
negative stress intensity factors over the crack lengths of concern, Whilst this was beneficial to the critical crack 
side of the argument, the associated crack closure effects had to be included in the crack area and leak rate 
calculations. 

A final LbB case was made for the heat exchanger weld on the basis of this analytical work and appropriate 
sensitivity studies. A significantly increased limiting crack size was demonstrated, which was over twice the length 
required to give leak rates an order of magnitude greater than the installed detection capability. 



Coolant Pumn 

This example illustrates application of both the full R6 Appendix 9 procedure (Le. including consideration of part- 
penetrating defects breaking through) and a simplified NUREG 1061 approach to a cast austenitic pump casing. 

Some grades of cast duplex stainless steels are susceptible to thermal ageing embrittlement at LWR primary circuit 
operating temperatures. The degradation in fracture toughness properties with time for such steels can be estimated 
from the composition, delta femte content and Charpy impact energy of individual castings [lo]. Given that 
significant variations in estimated fracture toughness were predicted with plant age and from casting to casting, the 
LbB analysis was performed parametrically with respect to fracture resistance. 

Postulated defects 

Figure 7: Postulated Defects in Pump Casing Figure 8: Limiting Through-wall Crack Sizes 

Initially a NUREG 1061 type of analysis was performed for postulated cracks in the volute region of the casing as 
shown in Figure 7. Leakage size cracks were evaluated based on normal operation loads, an elastic crack opening 
area solution, best estimate friction factors [5 ]  and an assumed leakage detection capability in the range 1.89 to 3.78 
litrelmin. Limiting crack sizes were calculated as a hnction of fracture resistance using R6. Figure 8 presents 
limiting crack size results, normalised with respect to section thickness, for different load cases as a function of 
.I/Jmin, where Jmin is a notionai lower bound material fracture resistance. NUREG 1061 margins of 1.4 on normal 
operation plus SSE loadings, 2 on crack size and 10 on the larger leak rate were successhlly demonstrated for all 
values of initiation fracture toughness considered. 

In describing the full R6 LbB analysis it is u se l l  to refer to the LbB diagrams shown in Figure 9 and 10. First, R6 
was used in a predictive manner to estimate the break-through boundary for postulated part-penetrating cracks. Best 
estimate loads and material properties were used to avoid under-predicting the break-through length. Break-through 
was found to be determined by pure plastic collapse and was therefore independent of fracture toughness. However, 
it is seen from Figure 9 that the break-through boundary is affected by the choice of local limit load solution. It is 
worth noting here that greater influences on the break-through boundary of the collapse solution have been observed 
in other studies carried out by the author, where fracture and tearing play a significant role. 
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Figure 9: LbB Diagram for Normal Operation Plus SSE Loading Figure 10: LbB Diagram for Worst 
Fault Condition 

Figure 9 illustrates an LbB diagram for a fracture toughness level of 2Jmin, assuming that normal operation plus SSE 
is the most onerous extreme loading. The allowable part-penetrating crack (PPC) length assumes recharacterisation 
on break-through and a 25% margin for crack growth. 

An important difference between the full R6 approach and " R E G  1061 is that the former requires assessment of 
all plant loading conditions, not just normal operation and SSE. The limiting load-case for the pump was found to 
be a pressurised thermal shock fault condition. This condition gave much smaller limiting through-wall crack sizes 
(see Figure S), if the R6 analysis accounted for the large thermal stresses at the surface. The results from this 
analysis in Figure 10 can be compared with Figure 9 if it is conceded that the fracture resistance of 5Jmi, represents 
an enhancement owing to a few mm of stable ductile tear. Note that the Figure 9 assessment would bound the fault 
condition if the through-wall crack size was based on the mid-section point alone. 

Three crucial LbB issues have been raised in this example: the problem of predicting part-penetrating crack break- 
through (choice of local limit load solution); the importance of considering all plant loading conditions in a full LbB 
assessment; and the treatment of high local stresses at surfaces. 

SECUNUAKY CIKCUI'I' AH'LlLA'llUNS 

This section describes applications of the new simplified R6 LbB procedure (as described earlier) to high 
temperature steam pipe-work systems and illustrates how creep degradation mechanisms can be accounted for in the 
assessments. 

LbB cases were required for several steam pipe-work systems to provide an additional level of assurance against 
disruptive failure without forewarning, given that some examples of degradation had been found during historical 
operation. In addition, it had to be shown that the consequences of potential leakage uet impingement, building 
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pressurisation, temperature rise etc.) were acceptable; that is upper bound leakage rates from postulated cracks were 
also required. 

The first step in any LbB assessment is to select candidate locations for detailed analysis. This process may not be 
trivial for complex steam pipe-work systems which may contain a range of pipe sizes (e.g. 70mm OD to 413mm 
OD), various piping components (pipe bends and 'T' junctions), different materials (stainless steel, WCrMoV, weld 
metals etc.), and varying operating conditions (temperature, pressure and system loads). Here, welds were 
considered to be more vulnerable to degradation than parent material. All the pipe butt welds were ranked first by 
the uncracked reference stress and then by pipe size. This approach recognised that it is generally more difficult to 
make a LbB case as the reference stress increases (particularly at high temperature) and as pipe size decreases. 
Fabricated 'Tee' junctions were regarded as important locations, owing to the high local stresses which can be 
induced by pressure and system loads, and isolated incidence of cracking in-service. The LbB assessment for these 
complex components had to be based on 3D finite element analysis. This analysis work is briefly discussed later. 

Internal pressure, system loads and weld residual stresses were considered in the analysis for normal operation and 
maximum (Design or Fault loading) conditions. System loads were simplified by ignoring shear forces and lumping 
the 3 components of moment into an effective transverse bending moment. For most cases weld residual stresses 
could be discounted on the basis of applied post weld heat treatments and stress redistribution during historical 
operation. The operating history also had to be quantified for the creep calculations; that is effective temperatures, 
loadings and time. 

Crack opening area was calculated using a best estimate reference stress approach [4]. Flow rates were derived 
using the approximate method of Ewing [l 11 assuming lower, mean and upper bound fluid friction parameters [5]. 
Note that the lower bound friction factor results provided maximum leak rates for the consequences assessment. 
Reference steam leak rates, corresponding to detectable levels from unlagged and lagged pipes using acoustic 
emission techniques [6], were chosen to establish leakage crack sizes. A leak detection time of 50 hours was 
initially assumed based on a proposed inspection regime. 

The simplified LbB approach assumes that a through-wall crack instantly appears at a reference operating time. The 
leakage through this crack must be detectable before the crack can grow to a limiting crack size. Limiting lengths 
of postulated through-wall cracks were based on the smaller of: 

a) the R6 fracture initiation size, or 
b) the through-wall crack 50 hour creep rupture size under assumed future normal operating conditions, taking 

account of historical operation continuum damage, 

assuming lower bound fracture or creep rupture materials data. Because materials degradation accumulates with 
time, both the R6 and creep rupture limiting crack sizes vary with plant age. Therefore a range of plant ages had to 
be considered. A further complication in the limiting crack size assessment is that the weakest constituent material 
at the welded joint has to be identified; for 2WrMo welds in KCrMoV pipe-work at high temperature this was 
usually Type IV or heat affected zone material. For calculation b), prior operation damage was based on the 
reference stress for a postulated 50% part-penetrating crack of length equal to the rupture size, which was assumed 
to be present since start of life. Accumulated continuum damage was accounted for using a life fraction d e :  

where t is time at reference stress crref(P, a, L), tmp is the creep rupture time for aref (P, a, L), P is the applied load, 
a the part penetrating crack depth and L the crack length (here assumed to be the rupture length). 

. ~ .  . . . . - - - 



Pipe Details 

1) R,,,=71mm, t=25.8mm, P=l6.5MPa, T=543OC 

2) Rm=141mm, t=47.Imm, P=l6.5MPa, T=543OC 

3) R,,,=154mm, t=16.4mm, P=3.9MPa, T=563OC 

4) R,,,=270mm, t=31.7mm, P=3.9MPa, T=563OC 

Table 1: Results Assuming Limiting Crack Size is Controlled by Fracture 

LSC for Limiting R6 Crack Mean R6 Crack 
10 g/s SizeMinimum Flow SizeMaximum Flow 

(mm) (mm) g / s  (mm) g/s 

93 178 229 204 2586 

167 429 1003 473 9350 

200 436 457 49 1 2424 

325 849 1124 939 6022 

Pipe Details 

(mm) 

143 

111 

394 

379 

29 1 

R6 limited 

1) R,,,=71mm, t=25.8mrn, P=l6.5h4Pa, T=543OC 

g/s 
61 

19 

525 

191 

48 
- 

2) R,,,=14lmm, t=47.lmm, P=l6.5MPa, T=543OC 

3) Rm=154mm, t=16.4mm, P=3.9MPa, T=563OC 

4) R,.,,=270mm, t=3 1.7mm, P=3.9MPa, T=563OC 

Plant Age 
Increment 

(hours) 

Time t, 

Time t2 

End of life 

Time t, 

Time t2 

~100000 

50 hour Creep Rupture Crack 
SizeRMinimum Flow Rate 

Table 2: Results Where Limiting Crack Size is Controlled by Creep Rupture 

A range of sensitivity studies were carried out to justify acceptable margins. For example, results from pressure 
loading alone and pressure plus bending were compared. Also creep and fatigue crack growths were calculated for 
selected cases and found to be small for the assumed inspection reaction time of 50 hours. 

LbB assessments were also carried out for 'Tee' junctions judged to be most at risk (e.g. equal-equal junctions). 
Through-wall defects were postulated at the flank and margins assessed for combined internal pressure and out of 
plane bending moments using a similar overall approach to that outlined above for butt welds. However, simple 
cylinder-based analysis models were found to be inadequate for the complex 'Tee' geometries of concern. Crack 
opening areas, stress intensity factors (see Figure 12) and reference stresses had to be evaluated using finite element 
models for a series of crack lengths (e.g. Figure 1 l), and interpolation fimctions developed to enable a realistic LbB 
assessment to be confidently performed. 
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Figure 11: Cracked Body FE Model for a 'Tee' Junction Figure 12: Stress Intensity Factor Results for 'Tee' 

CLOSURE 

The forthcoming revision to the R6 LbB procedure has been briefly described and several practical applications 
discussed. The examples have highlighted a number of issues which can make the development of a satisfactory 
LbB case problematic. For example, coping with highly loaded components, methodology assumptions and the 
defmition of margins, the effect of crack closure owing to weld residual stresses, complex thermal stress fields or 
primary bending fields, the treatment of locally high stresses at crack intersections with free surfaces, the choice of 
local limit load solution when predicting ligament break-through, and the scope of calculations required to support 
even a simplified LbB case for high temperature steam pipe-work systems. 
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BELGIAN EXPERIENCE I N  APPLYING THE "LEAK-BEFORE-BREAK" CONCEPT 
TO THE PRIMARY LOOP PIPING 

RCdrard C . M & b ,  0.Meessen 
Tractebel Energy Engineering, 

Avenue Ariane, 7 
B-1200 Brussels, Belgium 

ABSTRACT 

The Leak Before Break (LBB) concept allows to eliminate from the design basis the doubleended guillotine break 
of the primary loop piping, provided it can be demonstrated by a fracture mechanics analysis that a through-wall 
flaw, of a size giving rise to a leakage still well detectable by the plant leak detection systems, remains stable even 
under accident conditions (including the Safe Shutdown Earthquake (SSE)) . 
This concept was successllly applied to the primary loop piping of several Belgian Pressurized Water,Reactor 
(PWR) units, operated by the Utility Electrabel. 

One of the main benefits is to permit justification of supports in the primary loop and justification of the integrity of 
the reactor pressure vessel and internals in case of a Loss Of Coolant Accident @,,OCA) in stretch-out conditions. 
For two of the Belgian PWR units, the LBB approach also made it possible to reduce the number of large hydraulic 
snubbers installed on the primary coolant pumps. Last but not least, the LBB concept also facilitates the steam 
generator replacement operations, by eliminating the need for some pipe whip restraints located close to the steam 
generator. In addition to the U.S. .regulatory requirements, the Belgian safety authorities impose additional 
requirements which are described in details in a separate paper. 

An novel aspect of the studies performed in Belgium is the way in which residual loads in the primary loop are 
taken into account. Such loads may result from displacements imposed to close the primary loop in a steam 
generator replacement operation, especially when it is performed using the "two cuts" technique. The influence of 
such residual loads on the LBB margins is discussed in details and typical results are presented. 

REGULATORY APPROACH 

The US M C  issued Generic Letter 84-04 (ref.1) accepting that a doubleended guillotine break (DEGB) of the 
PWR primary loop piping was unlikely to OCCUT, provided it could be demonstrated by a probabilistic fracture 
mechanics analysis that a pbstulated through-wall flaw yielding a leakage detectable with a large margin by the. 
plant leak detection systems would remain stable even under accident conditions (SSE loading). Leakage exceeding 
the limit specified, in. the .Plant Technical ?qxcifications requires operator action to shut down. the plant. This 
concept is known as "Leak-Before-Break". 

The .General Design Criterion-4 (GDC-4) .(ref.6) was amended in April 1986 (limited scope rule) to permit to 



eliminate from the design basis the dynamic effects of postulated pipe ruptures in primary coolant piping in PWRs. 
In October 1987, the GDC-4 was amended again to permit the use of leak-before-break in all qualified high-energy 
piping. 

The detailed discussion of the limitations and acceptance criteria for LBB applications is provided in Nureg 1061 
volume 3 (ref.2). A Standard Review Plan Section (3.6.3) entitled “Leak-before-break evaluation procedures” (ref.3) 
was published for comments in August 1987 and is not yet published in a final form at the present date. 

The analyses performed for the Belgian units are based on these documents. 

Additional reuuirements from the Belgian &e& authorities 

The only accident loading under which the through-wall flaw stability must be demonstrated according to the above 
mentioned documents is the SSE. For a low seismic region like Belgium, the loads resulting from this accident are 
far from being the most severe, and the steam line break (SLB), for example, may produce much higher loads in 
some specific locations of the primary coolant piping (see table 1). The Belgian safety authorities required to take 
this loading into account, which is more conservative than the usual U.S. prbcedure, and, to our knowledge, has 
never been considered in the LBB applications for U.S. or other foreign plants. 

Rupture of the main auxiliary lines connected to the primary piping (pressurizer surge line, Emergency Core 
Cooling System (ECCS) line from . .  the accumulators and shutdown cooling line) was considered as well. 

Considering that some design basis events were not analyzed in details because they were enveloped by the 
postulated doubleended guillotine breaks of the primary loop piping, the Belgian safety authorities argued that the 
LBB application might reduce the protection against these other unspecified events. Therefore, they required to 
consider the following additional breaks in the design basis of the reactor core and internals, as well as for the steam 
generator tube bundle: - rapid rupture (1 ms) of the steam generator manway cover (hot leg or cold leg); - slow break (3 s) of one times the flow area, anywhere in the primary coolant piping. 

More information on the regulatory aspects and the specific requirements of the Belgian safety authorities may be 
found in reference 5. 

BENEFITS OF THE LBB APPLICATION 

. The firsBelgian units to which theU3B methodology has been applied were Tihange 2 and Doel 3, which are 
three-loop -900 MW units, commissioned in 1983. In these units, three large capacity hydraulic snubbers were 
installed on each primary reactor coolant pump. These snubbers had to be replaced in both plants,. due .to 
maintenance problems. A preliminary evaluation showed that only one snubber was required on each pump for the 
SSE loading or other accident loadings (steam line break or auxiliary line breaks), and that a lak-before-break 

. justification for these plants would allow to reduce the overall number of snubbers on the primary loops from 9 to 3 
in each plant. This would represent a significant saving in terms of investment cost, but also on the integrated 
maintenance cost of this equipment for the remaining life of the plant, and would also allow to reduce the personnel 
radiation exposure. This was the main motivation for applying the leak-before-break methodology to these units. 

An additional benefit was to facilitate the steam generator replacement operations that were carried out during the 
Summer of 1993 in Doel 3, by allowing not to reinstall some pipewhip restraints that had to be dismantled for the 
replacement operation. 



Another significant benefit of the LBB approach in conditions of stretch-out operations is to enable the justification 
of supports of the primary loop that already had a small margin with respect to the acceptable value at design 
conditions. It permits also the justification of the integrity of the reactor pressure vessel (Rev) and internals in these 
new stretch-out conditions. From the mechanical point of view, it is clear that in stretch-out conditions, LOCA 
analyses are more severe than in the original design conditions, due to the lower primary coolant temperature, 
which increases the amplitude of hydraulic force transients. The reactor pressure vessel, its supports and its internals 
were designed to withstand the loads arising from breaks at the inlet or outlet nozzles of the reactor pressure vessel. 
Under the loads corresponding to, the original design conditions, the calculated response values (stresses, 
displacements..) are close to the acceptable values. Using the same methods as the original ones, the chances are 
high that the criteria would not be met under the loads corresponding to the stretch-out conditions. The LBB 
application, by eliminating the large LOCA largely reduces this problem. It is not completely eliminated, however, 
because of the requirement by the Belgian safety authorities to consider the rupture of the steam generator manway 
cover, which still imposes significant hydraulic forces. Specific analyses remain necessary, but in this case the 
acceptance criteria can be met. . . .  

A last point for which the LBB approach is very beneficial is the primary coolant pump overspeed In case of large 
LOCA at the pump outlet, with simultaneous loss of the connection to the grid, the overspeed of the pumps could 
reach values unacceptable for the flywheel. The same analysis performed with "LBB breaks" (auxiliary lines breaks 
and steam generator manway cover ejection) leads to an overspeed limited to a few percents of the nominal speed. 

For the other Belgian units, for which the LBB was applied ('Tihange 1, Doe1 4 ) or shall be applied in the near 
future Uihange 3), the benefits are essentially the same, except for the primary pump snubbers (these units have 
only one snubber per pump, combined with tie-rods). The reduction of the loads resulting from the elimination of 
the double-ended guillotine breaks is in itself sufficient to justifv the application of the LBB methodology to these 
units. 

MAIN STEPS OF THE ANALYSIS 

"Classical" LBB 

The LBB demonstration was performed in accordance with the requirement of the U.S. regulation, which are also 
applicable to the Belgian units (ref. 1 .and 3). These requirements form the basis of most LBB analyses performed to 
date, and have been described extensively in numerous publications. They do not need to be explained in details any 
more, and only the main steps of the analysis are summarized hereafter: 

- demonstrate the absence of degradation mechanisms which could challenge the integrity of the piping (water 
hammer, stresscorrosion cracking, erosiodcorrosion, fatigue..); - demonstrate by a fatigue analysis that an existing flaw would not grow significantly under service transients; - establish pipe material properties, taking into account service degradation (thermal ageing); - calculate the service and accident loads at the different locations in the primary circuit (for the Belgian units, 
this infoxmation was either already available; or had to be.recalculated anyway for other reasons like steam 
generator replacement or power uprating ); - 'calculate at different locations the size of the through-wall flaw yielding a leakage equal to ten times the, 
detectable leakage under service loading which is called the "leakage crack. size" as; - demonstrate that a flaw two times longer remains stable under the accident loading, (for a combination of loads 
in absolute sum for the accident conditions). This is performed by calculating the critical crack size a, under 
accident loading and verifling that ac/ag>z. 
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Leak detection svstems 

Defining the sensitivity of the leak detection systems is one of the first steps of any LBB analysis. 

Several leak detection systems are used in the Belgian units: 

- monitoring of the containment sump level (either by monitoring the frequency of the pumps startups, the volume 
between the low level and high late1 switch being known, or by means of a flow meter placed on the outlet line 
of the pump); - monitoring of the condensate flow rate from the cooling batteries of the containment (in Doe1 3 only); - containment atmosphere particulate and gaseous radioactivity monitoring - primary circuit mass balance, on a period of three hours (in stabilized conditions), based on volumetric control 
tank level variations, corrected to take into account presurizer level variations, average temperature variations, 
pressurizer discharge tank and valve leakage collection tank level variations. This system &=.it ppssible to 
detect small leaks (0.2 to 0.3 gallons per minute-GPM), but the balance is performed only once a day. 

. .  

In each unit, there are at least three redundant systems allowing to detect a leakage of 1 GPM (226 literdhow) in 
less than one hour, which fulfils the requirements of Regulatory Guide 1.45. Some systems are much more sensitive 
if a longer detection period is allowed, of the order of a few hours or one day. In this case, the detection capability 
could be as low as 0.2 to 0.3 GPM. 

Conservatively, and in order not to penalize the operation of the plant, the limit of 0.5 GPM (113 literhour) was 
used to determine the leakage crack size as under service conditions. 

Twical results C"'1assical" LBB) 

The steam line break (SLB) case was analjzed assuming a doubleended guillotine break of the steam line at that 
location which results in the highest forces on the steam generator. If we assume that steam generator snubbers, 
located roughly at mid-height of the steam generator, practically constitute a fixed point, the loading due to a SLB 
results in a very high tensile force in the hot leg (additional with the tensile force due to the internal pressure) and a 
very high bending moment at the steam generator inlet elbow. This elbow Wig on the hot leg, and of a cast 
stainless steel material sensitive to the thermal ageing phenomenon, this clearly constitutes a Critical combination. 

Table 1 : Maxima of the axial force and of moments at the SG inlet in case of SLB 
compared to SSE results at various locations (Doe1 3 unit) 

Load case and Axialforce . . hhc MY Mz 
Location bending bending torsion 

kN .kNm . kNm kNm 

SLB - SG inlet 4330 411. 2690 798 
SSE - SG inlet 289 473 198 437 
SSE - SG outlet 303 . 191 715 285 . 

. SSE -Pump outlet 770 84 712 601 

Typical results of the calculation for Doe1 3 (comparable to Tihange 2 results] are given in Table 1, which compares 
the axial force and the three moments at the steam generator inlet in case of s t h  line break with the SSE results at ' 
a few locations in the primary loop. This table clearly shows the penalty resulting from considering the steam line . .  

. breakloading. 



Influence of the steam Penerator replacement on the LBB analvsis 

In several instances, the LBB analysis was made on the occasion of steam generator replacements. In all  cases, the 
replacement steam generators had slightly different characteristics from the existing ones, which modified the 
response of the primary loop piping. In addition to that, the replacement was generally coupled with p e r  uprating 
or with a modification of the operating conditions (eg. operation in stretch-out conditions). As a consequence, the 
primary loop piping had to be reanalyzed for the new characteristics or operating conditions, thereby providing the 
operating and accident loads needed for the LBB analysis. 

The steam generator replacement may also have other impacts on the LBB analysis, depending on the technique 
used for the replacement operation and particularly for the welding in place of the new steam generators. In the case 
of a steam generator replacement in "two cuts", displacements may have to be imposed to the cold leg and hot leg, 
in order to close the loop. This clearly introduces residual moments that influence both the "leakage crack size" and 
the critical crack size, and must be taken into account in the LBB analysis. This is not required by the U.S. rules, 
and generally not considered in most LBB analyses, but was investigated systematically in the studies performed for 
the Belgian units where the steam generator replacement was planned in the "two cuts" option. 

The moments induced in the loops by a displacement of a few milimeters necessary to close the gap become rapidly 
very large, and their effect on the LBB margins is far from negligible. The problem is in fact posed in slightly 
different terms, namely: what are the limits that must be imposed on the displacements applied to the primary loop 
piping by the steam generator replacement operations (permanent displacements after rewelding) in order to ensure 
that the resulting residual moments will not reduce the LBB margins below their required value? 

Since this type of loads is not considered in the SRP 3.6.3, no rules are given for their combination with the other 
loads. It is clear that the combination must be algebraic for the definition of the resulting service moment to be used 
for the evaluation of the leakage crack size . The criterion generally used in Belgium on the crack sizes is that 
there must exist a margin of 2.0 betweenxe critical crack size a, and the leakage crack size q, the load 
combination being made in absolute sum for a,. In this case, the S.RP.3.6.3 does not require to vefi  the margin of 
1.4 on the loads. The reason for this choice is that it is felt that imposing a margin of 1.4 on loads like the pressure 
loads, which are very well known and furthermore limited by safety valves, may be very penalyzing and unrealistic. 

The absolute sum combination, if applied blindly to all types of loads including the residual moments, does not 
make any sense since the residual moment has a direction and a value that are constant during the whole remaining 
life of the unit. The consequence would be that a residual moment reducing the service moment, which in itself is a 
beneficial effect reducing the probability to develop a crack, would appear as detrimental in the LBB analysis. . 

* In order to overcome this difficulty, a slightly modified combination technique is used when residual moments have 
to be taken into account. First, the thermal and residual moments are combined algebraically, and, being both of 
secondary nature, are considered as an "equivalent secondary moment" (whidh by the way is treated conservatively 
as primary for the analysis). The rules of the SRP 3.6.3. we then followed rigorously, the only difference being that 
the thermal moments are replaced by this "equivalent secondary moment". 

' 

In order to determine the limits to be impoSed on thedisplacements resulting from a steam generator replacement, 
an extensive parametric study must be performed. 

In a first .step, curves of the variation of %versus the resulting service moment, and a, versus.the resulting accident' 
moment are established for the whole possible range of variation of these moments. (fig. l a  and fig.lb) . 

A specific routine was deveiopped to calculate automatically, for a given location in the primary loop, the resulting 
service moment and accident moments for a whole range of possible combinations of residual moments Mxr, Myr 
and Mu. This is shown in Figure 2, which displays the variation of both bending moments Mxr and Myr for a given 



value of the torsional moment Mzr. For each combination of these values, + and 
becomes possible to plot isocurves of safety margins a&+, for any combination of residual moments (fig.2). 

are calculated. Then, it 

In practice, the procedure is slightly more complicated, since we are not interested in limits on the residual 
moments, but rather in limits on the allowable displacements at the cut. This is done by calculating transfer 
matrices between displacements at the cut and moments in the different locations of the primary loop, taking into 
account the position of the hydraulic jacks that are used to impose these displacements, which for obvious reasons 
are located at some distance from the cuts. The complete procedure is the following : - select a set of imposed displacements at the cuts; - calculate the corresponding residual moments at the different Iwtions of the primary loop; - calculate the resulting service moment and accident moments for these locations, for different accident 

conditions; - calculate the corresponding values of + % and ac/ag at the different locations analyzed; - go to the next set of imposed displacement. 

By covering the whole range of horizontal and vertical displacements, for different given values of the axial 
displacements, limits on the displacement corresponding to q% = 2 may be determined (fig.3). As long as the 
actual displacements imposed during the steam generator replacement remain within these limits, the LBB margins 
remain verified. 

M i c a l  results ( takinP into account residual loads induced bv a steam generators replacement). 

The procedure described hereabove has been followed at the principal locations in the primary loop. 
Typical results of the margins at the RPV inlet nozzle are given hereafter for Tihange 1 unit. 
The variation of critical size + with the resulting accident moment, and of the leakage crack size 
resulting service moment are given on Figure l a  and lb respectively. 
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Figure 3 : Global axes at the cut 
X : transverse horizontal axis 
Y : vertical axis 
2 axis parallel to the hot leg 

Figure 4 shows the limits of displacements in 
the cross-over leg in the X-Y plane for 
Werent values of 2 displacement (see 
definition of axes on figure 3). The limits 
presented here have a very simple form, but 
they can also take a more complicated form. 
These limits, once established for each location 
and put together on the same plot, yield the 
range of maximal allowable displacements at 
the cuts. 

These limits must of course be combined with 
those resulting from tensiometric criteria. 
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CONCLUSIONS 

The Leak Before Break concept has been successNly applied to the primary loop piping of several Belgian PWR 
units, operated by the Utility Electrabel. 

Since it allows to eliminate from the design basis the doubleended guillotine break of the primary loop piping, it 
makes it possible to justifv the integrity of the reactor pressure vessel and intemals in case of LOCA in stretch-out 
conditions. For two of these units, @e LBB also enables to reduce the number of large hydraulic snubbers installed 
on the primary coolant pumps. Last but not least, the LBB also facilitates the steam generator replacement 
operations, by eliminating some pipe whip restraints located close to the steam generators. 

In addition to the U.S. regulatory requirements, the Belgian safety authorities impose additional requirements. They 
require to consider in the LBB analysis, in addition to the SSE, the rupture of the steam line and the main arutiliary 
lines. They also impose to study a "rapid" rupture of the steam generator manway covers and a "slow".break - .  of one 
times the flow area, anywhere in the primary coolant piping. 

A novel aspect of the studies performed in Belgium is the way in which residual loads in the primary loop are taken 
into account. Such loads may result from displacements imposed to close the primary loop in a steam generator 
replacement operation, espe@ly when it is performed using the "two cuts" techniques. The influence of such 
residual moments h& been evaluated in the principal locations of the primary circuit. Through the determination of 
transfer matrices between the displacements at the cut and these residual moments, limits of admissible 
displacements have been determined. Since they are given in a relatively simple form, they can be taken into 
account in the decision to make a "two cuts" or "three cuts" steam generator replacement. 
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LEAK BEFORE BREAK APPLICATION 

IN FRENCH PWR PLANTS UNDER OPERATION 

C.Faidy - EDFSEPTEN 

12-14 Avenue Dufrievoz 

69 628 ULLEURBAMVE CEDEX 
F M C E  

ABSTRACT 

Practical applications of the leak-before break concept are presently limited in French 
Pressurised Water Reactors (PWR) compared to Fast Breeder Reactors. 
Neithertheless, different fracture mechanic demonstrations have been done on 
different primary, auxiliary and secondary PWR piping systems based on similar 
requirements that the American NUREG 1061 specifications. The consequences of 
the success in different demonstrations are still in discussion to be included in the 
global safety assessment of the plants, such as the consequences on in-service 
inspections, leak detection systems, support optimisation, .... 
A large research and development program, realised in different co-operative 
agreements, completes the general approach. 

INTRODUCTION 
Presently in France, 54 Pressurised Water Reactors (PWR) are in operation, 4 are 
under construction and 2 Fast Breeder Reactors (FBR) are in operation. For these 
plants the Leak-Before-Break (LBB) was not used at the design level. Application in 
FBR's are presented in [I ,2]. The specific application to PWR steam generator tubes 
is presented in [3].The LBB concept will be considered at design level for future 
plants[4] 
All the high energy piping systems of the 58 French PWR's (54 in operation + 4 
under construction) are designed with ASME [5] or RCCM [6] B 3600 Code and the 



pipe rupture hypotheses of the initial American redulation (General Design Criteria 
[GDC] 4 of Appendice A to Part 50 of Title 10 of the Code of Federal Regulations 
[CFR] and Standard Review Plant [SRP] 3.6.3). In consequence, for the primary loop 
11 instantaneous double-end-guillotine breaks have to be considered : 2 
circumferential on cold leg, 2 circumferential on hot leg, I circumferential on cross- 
over leg, 3 circumferential on connected lines, 1 circumferential on Steam Line inside 
the containment and 1 instantaneous longitudinal break on a primary loop elbow . 
Different specific supports are needed to assess the level D Code criteria. But, all of 
the studies are done with limited area type of breaks; an example for a 4 loop PWR 
plant is presented on table 1 considering the effectiveness of the different supports : 

Break Type Location 

1 

2 

3 

4 

5 I Circumferential I RCP inlet nozzle I 800 

Circumferential RPV inlet nozzle 500 

Circumferential RPV outlet nozzle 500 

Circumferential SG inlet nozzle 800 

Circumferential SG outlet nozzle 900 

6 I Circumferential I RCP outlet nozzle I 200 

9 

10 

11 

7 I Longitudinal I SG inlet elbow I 4860 

~~ ~ ~~~ ~ 

Circumferential RHR connection 580 

Circumferential SIS connection 41 0 

Circumferential Surge Line 830 
connection 

8 I Circumferential I cross over leg I 1000 

Table 1 

GENERAL LBB ASSESSMENT 

Demonstration of LBB to large diameter pipes are usually carried out in 2 phases, 
similar to the USNRC requirements of NUREG 1061 [7] with some complementary 
requirements : 

- a main phase, for each welds, to justify that a leak from a through-wall crack can 
be detected in normal operation for a crack length smaller than the normal 
operation and Safe Shutdown Earthquake (SSE) critical crack size, 

- a complementary phase, for each welds, to justify that any initial reference 
defects can't grow through the thickness of the pipe wall up to the end of life of 



the plant by fatigue or corrosion (corrosion is negligible for 316 stainless steel 
type of primary loop and connected lines). 

Three steps have to be considered in the main phase, for each welds : 
- examine the through wall crack stability under normal operation + SSE, 

- evaluate the corresponding crack area under normal operation, 
- compare the evaluated leak rate with the detectable one. 

- define a "reference" defect, 
- determine the end of life defect corresponding to the design transient list, using 

-justify sufficient margins regarding the stability of the end of life defect for all the 

In FRANCE, we have proposed to consider defects in cast elbows, not only in the 
weld between elbow and straight pipe. 
For all these different steps, we use the NUREG 1061 safety factors 10 on flow rate, 
2 on crack length or 1.4 on load. 
For the primary loop, no specific requirements for leak detection systems are directly 
connected to LBB application, we use the basic leak detection systems with same 
level of redundancy (mass balance, containment air activation, sink, ...) and similar 
objective than initial design value : 1 Gpm; no specific increase of in-service 
inspection is directly connected with LBB considerations. 

Three steps have to be considered in the complementary phase, for each welds : 

the late available data to describe these transients, 

transients. 

THROUGH WALL CRITICAL CRACK SIZE 

To analyse the maximum crack size of the through wall crack defects under normal 
operation + safe shutdown earthquake, we use the generic seismic analysis of 
different series of plants (900 MWe, 1300 MWe, 1400 MWe) based on elastic modal 
analysis and the R6 [8] or EPRl [9] formula to determine the J value for different load 
levels and the dJ /da criteria for stability analysis (all the thermal expansion loads and 
seismic anchor motions are considered as primary loads for J evaluation. In a first 
step, we use limited crack growth propagation (few millimetres), if the JIC is rather 
small, specific tests are necessary for justification of the J resistance curve used with 
larger crack growth. 
For cracks in elbows, a specific experimental and analytical program is still under 
progress, in closed co-operation between FRAMATOME and EDF. 0 

LEAK AREA EVALUATION 

Different estimation schemes are available, but they give similar area for low load 
level, that is generally the case for French design under operation loads. We 
consider an elliptical crack shape with a crack mouth opening displacement 
evaluation based on a generalisation of TADA-PARIS method for an extended range 
of FUt (radius/thickness). The plasticity effects are evaluated using Dugdale model 
and reference stress concepts. The method is detailed in reference [I 01. 
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LEAK FLOW RATE EVALUATION 

Again, different evaluation scheme are available, but in this case, the result scatter 
band can be larger. We use in FRANCE a di-phasic model derived from computation 
of different experiences run in a multi-party agreement between Westinghouse, CEA, 
FRAMATOME and EDF. The model is based on Fauske-Henry model with correction 
factor for surface :roughness of the cracked surface. Presently, we are checking this 
model with the SQUIRT program develop by BAlTELLE for NRC in different 
programs [I I]. 

Weld Location Unit RCP . 
outlet 
nozzle 

critical crack length 2 in mm 586 

critical crack angle 2 Bcrit en O 88 

crack opening area A en mm2 51 0 

leak flow rate Q en kg/mn 1510 

margin Q / 3.8* 41 9 

> 10 * 3.8 kg/mn = 1 Gpm 

REFERENCE DEFECTS AND GEOMETRIES 

The corresponding defect size is connected with the manufacturer experience, the 
fabrication process, the welding technique used, the different repaired process, the 
fabrication non destructive examinations and the in-service inspection results. For 
example, for stainless steel but weld in primary coolant loop we use a surface defect 
of 5mm depth and 20 mm long. 

For each weld, we use the real on-plant design and local dimensions. 

RPV outlet RPV outlet 
nozzle nozzle 

safe end dissimilar 
weld weld 

500 582 

70 81 

505 659 

1030 1380 

286 550 

> 10 > 10 

FATIGUE ANALYSIS AND STABILITY OF END OF LIFE SURFACE DEFECT 

We use to do that classical fracture mechanic approaches similar to those presented 
in RCCM Appendice ZG [5] for fatigue analysis, and a French methodology similar to 
R6 procedure [I21 for crack stability analysis. 

EXAMPLE OF PRACTICAL ANALYSIS 

The next table gives some rough ideas on the behaviour of a 4 loop plant regarding 
the LBB justification : 



The criteria of NUREG 1061 are largely verified in this case. Similar work is in 
progress for different type of plants with the same type of conclusions. 

RESEARCH AND DEVELOPMENT PROGRAM 

After a minimum program realised in FRANCE [13], we have joined with 
FRAMATOME and CEA the IPlRG (International Piping Integrity Research Group) 
[14] in order to share the cost of large scale dynamic tests. The major topics are : 

- finite element analysis of experimental results from cracked pipe tests [15,16], 

- development of one-dimensional beam element for dynamic analysis[l7,18], 
- estimation scheme development and comparison with limit load analysis, 

comparison of different estimation schemes on different test results [I 91, 
- leak area estimation scheme and validation [lo], 
- different round robin analysis at the international level. 

The developed tools are reasonably validated, but some R&D works have to be 
completed to support some actual hypotheses : 

- the large crack growth situation for low toughness welds, 
- the change in direction of crack growth for some materials, 
- the cyclic effects under negative load ratios for some materials, 
- the multi-material situation in weld area (high mismatch, dissimilar-weld, ...) 
- the low crack area in weld and corresponding flow rate evaluation 

CONCLUSIONS 

The LBB concept has to be taken in the global safety evaluation of a plant. No 
French PWR's consider it at the design level. Neithertheless, different applications 
have been successfully applied using the USNRC recommendations (NUREG 1061), 
some detailed points require complementary works at the Research and 
Development level. The safety margin coefficients have to be connected with the 
conservativeness of the different hypotheses used in the analysis. The practical 
consequences has to be discussed and finalised with French Safety Authority. 
Presently, in French PWRs, the LBB concept is used for Steam Generator Tubes, or 
as complementary study to support high margins in front of large diameter piping 
system rupture. 

, 
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PL/S, Dr. Roos 
Karlsruhe, July 6, 1995 

Appllcatlon of Break Preclusion Concept in German Nuclear Piiwer P I m S  

Goos, E.’; Maier, V,2; NageI, G3; Otremba, F.4; Wolf, M.5 

The break preclusion concept is.based on “KTA rules”, “RSK guldelines” and 

“Rahmenspeziflkatlon Basissicherheit”. These fundamental rules containing for 
example requlrements on material, design, calculation, manufacturing and 

testing procedures are explained and the technical realisation is shown by 

means of examples. 

The proof of the quality of. these piplng systems can be executed by means of 
fracture mechanics calculations by showing that in every case the leakage 

, monitoring system already detect cracks which are clearly smaller than the 

critical cracks, Thus the leak before break behavior and the break preclusion 

concept is implicitly affirmed. 

In order to further diminish conservativities in the fracture mechanics 

procedures, specific research projects are executed which are explained in thiF 

contribution. 

’ Energie-Varsorgung Schweban AG, Postfach 10 12 43, 7001 1 Stuttgan 

Bayernwork AG, Postfach 20 03 40,8003 Milnchen 

PraussanElektre AG, Postfach 48 49, 30048 Hannovsr 

Hamburgische Electricitgts-Werke AG, Oberseering 12, 22297 Harnburq 

ti RWE-Enargie AG, KruppstraBe 5 ,45  128 Essen 



AHALYSIS OF 'HORHATIVE * REQUIPEXEHTS To HATERIALS 
OF yvEK GOIIP0"TSb' BnSIHG OH LBB COHCEPTS 

Abstract 

The Paper demonstrates an insufficiencv of some reaulrements 
natlve Norms (when comparing them w l t h  the foceisn. recxulremerrtsl 
for the Consideration oc calculating- situations.: 

- lo& besore breaR (LBBI: - short cracBs: * 

. - prelimlnarr loading ( w a r n  Prestresalng) , 

In Particular. the. Paper Present: - comparison- of native and farelm nai-mative re.wim?ments (PHAE 
G-7-O0Zi86, Code'ASMEc BS isis, KTA) on Permissible. SLPCLI.~ 

levels and speclflcallr on the eotlmation af CI'ilCK initiatrsn 
and propagat Ion; 

-- comparison of RF and USA Nor& of mwitsure vessei material 
acceptance and also data of-pressure vessel hudrotests: - CornParison of Norms on th& Presence of defects ' (RF and USA) 
in NPP vessels, develoPments of defect'schematizatlon rules: 
foundation of a calculated-defect (semi-axls correlation a/b) 
for Pressure vessel and PLPine comPabents: 

- sequence o-r: defect estlmatlon (growth of inltlal defects and 
cTitica1 cracx s.lzes) .Procedlns from the. concept LBB: 

- analysls' of cracK 1nltidtion.and Propagation condltlons. 
accordlng to the actlna Norms (Lncludlnar cracK Jums); . .  

- necessity t o  correct estimation methods of ultimate' states of 
brlttle and ductlle fractye'and elastic-Plastic -realon as 
applied' t o  calcuf'ating sltuktlon : a)LBB and b) short cracKs; 

- necessity. to correct estimatlon. methods of ultlrnate states 
with the conslderatlon o f .  statlc and cyclic loading (warm 
Prestressing effect) .of Pressure vessel: estimation of the 
effect stabl. 1 I t Y ;  

. 

. 

- Proposals on PNAE G-7-002-&6 Norm conrections. 
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Title : Leak Before Break Evaluation for Main Steam Piping 6ystem diade of SA106 Gr.C 
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ABSTRACT 

The basis of the leak before break (LBB) concept is’to demonstrate that piping will 
leak significantly before a double ended guillotine break (DEGB) occufs. This is 
demonstrated by quantifying and evaluating the leak process and prescribing safe 
shutdown of the plant on the basis of the monitored 1eak.rate. The application of LBB 
for power plant design has reduced plant cost while improving plant-integrity. Several 
evaluations employing LBB analysis on system piping based on DEGB design have been 
completed: However, the application of LBB on’ rhain steam (MS) piping, which is LBB 
applicable piping, has not yet been performed due to several uncertainties associated with 
occurrence of steam hammer and dynamic strain aging @SA). 

The objective of this paper is to demonstrate the applicability of the LBB design 
concept. to main steam lines inanufactured with SAlOG Gr.C carbon steel. Based on the 
material properties, including fracture toughness and tensile properties obtained from the 
comprehensive material tests for base . and weld metals, a parametric study was 
performed as described in this paper. The PICEP code was used to determine leak size 
crack (LSC) and the FLET code was used to perform the stability assessment of M S  

. .  

piping 
The etf’ects of material properties obtained from tests were evaluated to determine 

the LBB applicability for the MS piping. It  can be shown from this parametric study that 
the MS piping has a high possibility of design using LBB analysis. 
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Approach of Cmch regulatory body to LBB. 
Petr Tendera 

Statc Office for Nuclear Safety (SON§), Prague 

At present there Ne two Npps cquippcd with PWR units% Czech Republic . The 
Dukovmy'NPP is about ten years in operation (four units 440 MW - WWER model 213) and 
Ternelin NPP is  under construction (two units 1000 MW - WWER model 320). Both NPPs 
W ~ Q  built to Soviet dcsign and according to Soviet rqplations and standards but most of 
quipmont for primary circuits was supplied by home m.mufactureres. 

The objectivo of the Czech LBR programme is to prove the LBB status of the primary 
piping systcms of these NPPs and the LBB concept is a part of strategy to meet western sLylc 
safety standards. The reason for the Cmli  LBB project is a lack of some standard safety 
facilities, too. 

.For both Dukovany and 'I'emolii NPPs a full LBB analysis should be ~anitd out. The 
application of LBB to the piping system should be also a cost eKative means to avoid 

The Czcch r-latory body issued non-mandatory requirement ,, Leak Before Break" 
which is in compliance with nationd legal documents and which is based on the US NRC 
Regulatory Procedures and US shndatds (ASME CODE, ANSL). The .requirement hai bccn 
pubIished in the document ,,Safety of Nuclear Facilities" No WY91 as ,,Itquirements on the 
Content and Format of Safdy Reports and their Supplements" and consist of two parts 

installations of pipe whip restraints and jet shields.. . .  

procedure for obtaining proof of ividence*,,Lcak. Before Break" 
-leak detection systems for thc pmikirized reactor primary circuit. 

At presarit dome changes ' cqncbming both parts of the above dowment will be 
introduced. The reasons for this modifications will be presented. 
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APPLICATION OF THE CRACKED PIPE ELEMENT'TO CREEP CRACK 
,GROWTH PREDICTION 

J.  BROCHARD - T. CHARRAS 
C.E.A. - C.E.-SACLAY DRNDW, GIF SUR yvE1[TE FRANCE 

M. GHOUDI 
C.E.A. - C.E.-SACLAY, MSTN, GIF SUR yvE1[TE FRANCE 

Several years ago, a-cracked pipe element was implemented is CASTE~OOO 
computer code for ductile fracture assessment of piping systems with postulated 
circumferential through-wdl cracks under, static or dynamic loading. We undertake a 
development to extend the capabilities of the element to the determination of fracture 
parameters under creep conditions (C*, &c and AcL 

In a first step, a time independant.strain'rate law (6= Ao")'-is considered, so that the 
.ductile fkacture formulae proposed by Zahoor can be used. Under cbmbined tension *and. 
bending the C* expression is : 

P 

P 
C* = A R (x-0) (0h )  hl (7) 

0 

h= WPR 
Po = 2 Rt [x-0-2 sin -1(0,5 sin e)] 
Mo = 4 R2 t [cos (8/2) - 0,s sin 0) 

Cinematic parameters 9 aid Ac are deduced from C* and loads values at each' step of' 
C 

the calculation. 

Under secondary creep conditions, this element is now available to carry out a 
complete. simulation by performing successive resolutions increasing the defect size with the 
material rule': Aa = B (C*)m. 

The main advantage of this element is that by modelling the complete piping system 
using classic pipe elements and this special element at the crack location, the secondarity of the 
loadssuch as thermal loads can correctly be evaluated. An application has been conducted on a 
FBR-type piping system, .for which the crack growth predictions considering the thermal 
stresses as primary or secondary stresses are significantly different. 
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THEPRIMARY C R C I U T M A ~ ~ S  PROPERTIES RESULTS ANALysrs 
PERFORMED ON ARCHIVE MATERUL USED IN NPP V-I AND KOLA 

NPPuNITSlAND2 

KUPCA Eudovit PhDf, BEfiO Peter, Nuclear Power Plants Research Institute Inc. 
Oknrznd 5,918 64 Trnava, SLOVAK REPUBLIC 

SUMMARY 

The primary circuit piping material properties analysis .was cldse related to the LBB 
methodology applications on the both units of the NPP V-1. 

The asessment was performed on the following pipbig materials: 

a) primary piping archive material used in NPP V-1 
b) primary piping material cut &om NPP Kola Units 1 and 2 after 100000 hours of 

operation 

c) final cprrelations between the Russian and our experimental results. 

Main research program tasks were: 

1) kalysis of the piping material mechanical properties (static tension, charpy, fracture 

toughness, fatigue) 

2) corrosion stability of the pfimary circuit material analysis (igscc) 

3) microstructural properties analysis which involved: 

a).visual inspection of exposed internal surface 

.b) chemical composition analysis 

c) hardness measurements 

. d) stainless steel macro and microstructural properties evaluations 

e) delta-ferrite contents measurements 

9 thermal fatigue and operational influences evaluation 

g) substructure of both material evaluations using the TEM 
h) fractography of samples after mechanical tests. 
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LBB APPLICATION IN SWEDISH BWR DESIGN 

Authors: H Kornfeldt, K-O Bjork, P Ekstriim, ABB Atom, $72163 Viisteds, Sweden 
Fax No. +46-21-14 48 57, E-mail atohako@qm.ato.abb.se 

ABSTRACT 
The protection against dynamic effects in connection with potential pipe breaks has been 
implemented in different ways in the development of BWR reactor designs. First-generation plant 
designs reflect code requirements in effect at that time which means that  no piping restraint 
systems were designed and built into those plants. Modern designs have, in contrast, implemented 
full protection against damage in connection with postulated pipe breaks, as required in current 
codes and regulations. 

Moderns standards and current regulatory demands can be met for the older plants by backfitting 
pipe whip restraint hardware. This could lead to  several practical difficulties as these installations 
were not anticipated in the original plant design and layout. Meeting the new demands by analysis 
would in this situation have great advantages. 

Application of leak-before-break criteria gives an alternative opportunity of meeting modern 
standards in reactor safety design. Analysis takes into account data specific t o  BWR primary 
system operation, actual pipe material properties, piping loads and leak detection capability. 
Special attention must be given to ensure that the data used reflects actual plant conditions. 

WHY LBB IN SWEDISH BWRS? 
The first generation ABB Atom BWR plants in Sweden were designed without pipe whip restraints. 
Pipe rupture was postulated only as design basis for containment and emergency cooling systems. 
In later generation plants restraints were introduced. Requirements have been developed in 
principle similar t o  U.S. regulations and current Swedish rules adhere to U.S. NRC Standard 
Review Plan 3.6.2. 

The situation consequently is that the earlier plants lack protection against postulated pipe break 
dynamic effects. At the same time some of the later plants may have too many restraints installed 
leading to possible detrimental effects in other areas, such as serviceability, inspection and dose 
reduction. 

As the plants now approach their mid-life several design reviews have been initiated. One of the 
purposes with this work is to  modernize the plants bringing them up-to-date with current regulations 
and optimize their modes of operation. 

The LBB concept is a promising way of meeting both objectives. In applying LBB special considera- 
tion should be taken of BWR technology and operating experience. 



POTENTIAL FOR LBB APPLICATION. 

The first 5 Swedish BWRs are equipped 
with external recirculation loops, 
schematically shown in figure 1. Their 
outside diameter is 670 mm with a wall 
thickness of 35 mm. The piping base 
material is carbon steel clad on the 
inside with stainless steel. Components 
are cast stainless steel and buttering and 
welds have been made of Alloy 182 to 
various extent. Other primary piping is 
made of stainless steel except the main 
steam lines that were made from carbon 
steel. 

The relatively large number of high 
energy pipes in the containment together 
with the restricted space available for 
back-fitting restraints  makes it a 
fundamentally important task to opti- 
mize the adherence to  regulations in this 
area. 

- 
I Recirculation loop in ABB Atom BWR 

Later reactor designs are equipped with internal recirculation pumps which as a consequence has 
removed this large diameter piping from the plant. Other piping still needs consideration even 
though the regulatory aspect is being met with present installations. 

APPLICATION OF LBB METHODOLOGY 
Traditionally Swedish reactor design has looked at U.S. regulations and standards for references. 
The ASME Code has been used for design and fabrication and NRC regulations and guides have 
directed regulatory work. As a basis for evaluating the applicability of LBB t o  the ABB Atom BWRs 
the NRC Draft Standard Review Plan 3.6.3 is being used. There is, however, at this time no official 
Swedish regulation or guideline as to the application of the LBB concept. 

Work is underway to evaluate the SRP 3.6.3 in a few specific application cases. The outcome of this 
work would form part of a basis for formulating rules fitting the Swedish design and regulatory 
environment. 

One particular BWR aspect is the lower system pressure as compared with PWR primary pressure. 
This leads to  a requirement to postulate larger cracks while at the same time the thinner wall 
thicknesses favour smaller crack postulates. The impact of these factors on LBB is determined 
according to SRP 3.6.3, taking into account plant-specific conditions. 

Of particular interest are the special material conditions of BWR plants and observed cracking 
phenomena. The generic susceptibility of stainless steels to intergranular stress corrosion 
cracking (IGSCC) in BWR water environment has generally been considered prohibitive of LBB 
application to  BWR piping in the U.S. ABB Atom plants have been designed and built taking these 
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material conditions into account. Low carbon contents have always been specified for stainless 
steels which have also been checked for sensitization susceptibility, and heat input during welding 
including the permitted number of repairs has been limited in welding procedure specifications. 
This has resulted in a very low probability for IGSCC which is supported by operational experience. 

IGSCC growth rates in reactor design materials are well known from many multi-year tests. These 
include base materials as well as weld materials in different environments including hydro- 
genated water. All reported cracking in such tests indicate that crack growth is a controlled process 
which does not lead to sudden crack propagation and would not lead to a potential guillotine break 
in a pipe, 

It is suggested here that the LBB assessment method as described in SRP 3.6.3 could be used also in 
BWR reactors. If the technical standards of ABB Atom have been implemented the probability of 
IGSCC is sufficiently low to permit the application of the LBB concept. A crack of the size postulated 
in the calculation, regardless of how i t  came to  exist, could not grow uncontrollably by IGSCC. Other 
piping loads acting as possible crack drivers are included in the analysis methodology of SRP 
3.6.3. 

LBB IN OPERATING PLANTS 
In applying LBB criteria to  existing plants several aspects need to be addressed. First, of course is 
an assessment of the needs and the benefits that can be gained by the analysis. As indicated earlier 
i t  is a major undertaking to retro-fit large steel structures in already confined spaces. 

Technical issues include such areas as the need for specific material data and an evaluation of the 
effectiveness of the leakage-detection system. 

In order to perform the analysis in accordance with SRP 3.6.3 relevant material fracture data must 
be known. This is in many cases not a trivial task since more than 25 years may have passed since 
manufacture. In the analysis performed on selected piping it has been necessary to attempt to  
reconstitute basic data such as true stress-strain curves and fracture mechanics properties. In those 
cases base and welding material of the same standard specification is still being produced and 
when the original welding procedure is available new test samples can be fabricated and tested. 
Differences between heats and differences in the execution of the welding procedure can be taken 
into account by using data conservatively. If material of the original standard specification is not 
available i t  may be necessary to re-manufacture material for testing purposes. 

An investigation of the J-R curves for steel used in recirculation piping has been done using 
refabricated material. Charpy testing has given impact data equivalent with actual pipe material 
data. Fracture mechanical testing has shown that the weld material has a toughness on the same 
level as  the base material. A comparison with equivalent ASME materials indicates that  this 
testing method can be justified. 

If material data can not be certified there is the option of replacing part of the piping system, such as 
welds, or of course to replace the whole piping system. In that case LBB can be designed and manu- 
factured into the system. 

The plant leakage detection systems should also be subject to review and assessment. Normally 
these are based on the provisions of US. NRC Regulatory Guide 1.45. It may be a feasible option to 
upgrade these systems to get a higher detection sensitivity thereby getting the possibility of 
including more piping systems under the LBB criteria. 
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CONCLUSIONS 
There is potentially a big need for LBB in Swedish BWR designs. This is particularly important for 
first-generation plants which lack protective devices against pipe break dynamic effects. The 
potential sensitivity to cracking of stainless steels in BWR environments need not be a deterrent as 
stress corrosion cracking is a slow process which does not act on the same scale as other crack 
propagation mechanisms relevant t o  the LBB analysis. The application of the LBB concept has been 
tentatively applied to  selected primary systems in operating plants with good results. 
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ABSTRACT 

The concept of Leak-Before-Break (LBB) is being used to 
design the primary heat transport piping system of 500 MWe Indian 
Pressurised Heavy Water Reactors (IPHWR) . The work is categorised 
in three directions to demonstrate three levels of safety against 
sudden catastrophic break. Level 1 is inherent in the design 
procedure of piping system as per ASME Sec.111 with a well defined 
factor of safety. Level 2 consists of fatigue crack growth study 
of a postulated part-through flaw at the inside surface of pipes. 
Level 3 consists of stability analysis of a postulated leakage 
size flaw under the maximum credible loading condition. 
Developmental work related to demonstration of level 2 and level 3 
confidence is described in this paper. In a typical case study on 
fatigue crack growth on PHT straight pipes for level 2 of LBB, 
negligible amount of crack growth is predicted for the entire life 
period of the reactor. Regarding level 3 analysis of LBB, R6 
method has been adopted. While the necessary inputs for the 
application of R6 method for straight pipes are easily available 
in literature, the same cannot be said for elbows and tees. A 
database to evaluate SIP of elbows with throughwall flaws under 
combined internal pressure and bending moment has been generated. 
This database will provide one of the inputs for R6 method. The 
methodology of safety assessment of elbow using R6 method has been 
demonstrated for a typical pump-discharge elbow. In this analysis, 
limit load of the cracked elbow has been determined by carrying 
out elasto-plastic finite element analysis. The limit load results 
compared well with those given by Miller [141. However, it 
requires further study to give a general form of limit load 
solution. On the experimental front, a set of small diameter pipe 
fracture experiments have been carried out at room temperature and 
3OO0C.Two important observations of the experiments are - 
appreciable drop in maximum load at 3OO0C in case of SS pipes and 
out-of-plane crack growth in case of CS pipes. Experimental load 
deflection curves are finally compared with five J-estimation 
schemes predictions. A material database of PHT piping materials 
is also being generated for use in LBB analysis. 
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INTRODUCTION 

The primary heat transport piping system of 500MWe Indian 
pressurised heavy water reactors (IPHWR) is made of ductile carbon 
steel of ASTM grade A333 Gr6 and is designed as per ASME Sec.111 
NB Boiler and Pressure Vessel code. It is installed and maintained 
as per stringent specifications due to economic and safety 
reasons.One of the design basis accidents considered during design 
of this piping system is double ended guillotine break (DEGB) of 
the largest heat transport pipe. Besides considering the pipe whip 
arising out of this postulated break,one has to also consider the 
secondary effects such as jet impingement and reaction forces in 
the design of piping and mechanical components. This has led in 
the past to the installation of a large number of pipe whip 
restraints and jet impingement barriers. However pipe whip 
restraints hamper access for in-service inspection and, if 
incorrectly installed, can lead to a significant increase in 
piping loads. Therefore, 'in the recent years, leak-before-break 
(LBB) approach is being applied for reactor PHT piping system as 
an alternative provision of pipe whip restraints.This application 
will lead to the elimination of pipe whip restraints and will 
ensure simplified layout, easy access for in-service inspection 
and no unaccounted stresses. The application of LBB is further 
supported by different leak mcnLtoring systems, namely, D2O tank 
level indication, vapour recovery system and beetles, in IPHWR. 

LBB STRATEGY ADOPTED FOR IPHWR 

The developmental work associated with the implementation of 
LBB to IPHWR PHT piping was started few years back [ll. The work 
is categorised in three directions to demonstrate three levels of 
safety against DEGB [2,31. Level 1 is inherent in the design 
philosophy of PHT piping system, which is implemented using ASME 
Sec.111 with a well defined factor of safety. However, this design 
procedure does not consider the presence of a reference flaw. The 
demonstration of level 2 confidence consists of postulating a 
part-through flaw on the inside surface at various locations of 
the piping system and to show its insignificant growth during the 
entire design life period under the fatigue loads associated with 
postulated service level A/B transients. Demonstration of level 3 
confidence consists of postulating a throughwall flaw at highly 
stressed and welds locations @€ the piping system and prove its 
stability under the maximum credible loading condition. The size 
of the flaw is based on leak detection capability in the plants. 

. 

160 



DEVELOPMENTAL WORK RELATED TO DEMONSTRATION OF LEVEL 2 CONFIDENCE 

As described above, one has to deal with fatigue crack growth 
of part-through crack in different pipes in level 2 analysis. The 
following methodology is adopted for evaluation of part-through 
flaw [41 : 

Postulate a part-through flaw at weld/high stress locations of 
the piping system. 
Perform a sub-critical fatigue crack growth analysis to 
predict the increased flaw size, keeping the aspect ratio 
constant. 
Identify the appropriate failure mode for the material e.g. 
brittle fracture, ductile tearing or plastic collapse. Then 
depending on the failure mode, choose the appropriate analysis 
procedure among LEFM, EPFM and limit load theory. 
Find out allowable size with proper factor of safety using the 
appropriate analysis procedure and check acceptability of 
final flaw size. . .  

This methodology has been applied to a number of straight 
pipes in PHT piping system [5]. In this analysis, both 
circumferential and axial flaw are considered. An initial flaw 
depth equal to 25% of pipe thickness and length equal to six times 
the depth has been postulated. This initial flaw size has been 
taken as stipulated in ASME Sec.111 Appendix G [6] with a high 
degree of conservatism in the absence of detailed non-destructive 
test report. The crack is postulated at the inside surface of the 
PHT pipe. 

The loads considered in the fatigue analysis are membrane 
load due to internal pressure and bending load due to thermal 
expansion, earthquake and non-linear temperature gradient across 
the pipe thickness. Table 1 shows the postulated transient events 
for 500 MWe IPHWR during the entire life period of the reactor. 

Once the initial crack length and loads are known, fatigue 
crack growth calculations are done using the modified Paris power 
law equation as given in ASME 'Sec.XI [71. In the fatigue crack 
growth calculation, flaw aspect ratio has been kept constant at 
6:l. Subsequently the final flaw size has been found to be less 
than the allowable flaw size under the given loading condition. 
Allowable flaw size is determined by one of the three analysis 
methods, namely, LEFM, EPFM and limit load theory. The method is 
identified using a screening criterion [41 based on failure 
assessment diagram.Table 2 shows fatigue crack growth calculations 
of circumferential flaws on different pipe lines, namely, steam 
generator inlet (SGI) line, steam generator outlet (SGO) line, 
pump discharge line (PDL), reactor inlet header (RIH) and reactor 
outlet header (ROH). The same methodology is being adopted to 
calculate fatigue crack growth of postulated part-through flaws in 
elbows and tees. One of the difficulties in such analysis is the 
unavailability of analytical expression for Stress Intensity 
Factor (SIF) for various crack \orientations and sizes. Due to 
this, it has been decided to perform finite element analysis of 
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Table 1 Postulated Transient Events 

Serial No. Transient Events No. of Cycles 

SGI 25 27.26 
SGO 25 25.16 
PDL 25 25.37 
RIH 25 25.58 
ROH 25 25.61 

Operating Basis Erq. (OBE) 50 

Heat up from 'Cold Shutdown 
(CSD) to Hot Stand-by (HSB) 1000 

Start up from HSB to 100% Power 

Power Maneuvering at 100% Power 

3500 

15000 

EPFM 75 
EPFM 75 
EPFM 75 
EPFM 75 
EPFM 75 

Table 2 Fatigue Crack Growth of Circumferential 
Flaw at Different PHT Pipe Lines 

PHT Initial Final Allowable Flaw Depth 171 

Line ( % )  ( % ) Analysis 
Pipe a/t 

Procedure (%) 

elbows and tees with part-through crack to evaluate SIF. However, 
preliminary calcplations are based on Newman-Raju 181 SIF 
expression. 

DEVELOPMENTAL WORK RELATED TO DEMONSTRATION OF LEVEL 3 CONFIDENCE 

As mentioned earlier, level 3 analysis consists of stability 
analysis of a leakage size throughwall flaw under the maximum 
credible loading condition. To carry out such calculations, the 
first requirement is to develop a computer code which can 
correlate the leak rate with the flaw size under a given 
thermodynamic and mechanical condition. To accomplish this, a code 
'LEAK' has been developed'[l] which adopts two phase critical flow 
based on Homogeneous Frozen Model (HFM) [3,9] . This is compatible 
with fluid and geometry cond'itions prevailing in leakage of 
sub-cooled liquid through cracks in PHT piping. The model assumes 
that average velocity of the two phase remain in thermodynamic 
equilibrium up to the end of crack but phase change is frozen at 
crack exit plane. The code also models the flow path friction. 
Originally, the flow path will be a zig zag crack across the 
thickness of the pipe. However, since *it is very difficult to 
anticipate the crack path in advance, flow path has been assumed 
to be straight, with path length equal to the pipe thickness. 
Paris-Tada equation [lo] with Irwin's plastic zone correction is 
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used to calculate crack opening area in straight pipes. The code 
has been verified for a circumferential cracked pipe under 
internal pressure and bending moment against the results quoted in 
[ 3 ] .  Fig.1 shows the comparison. In case of other piping 
geometries e.g. elbows and tees, mass flux is being evaluated by 
the code 'LEAK' and crack opening area is being determined through 
finite element analysis. 

Regarding stability analysis, 500 MWe PHT piping system 
comprises of straight pipes, elbows and tees. The most versatile 
method consists of calculation of applied J integral by 
elastoplastic finite element technique and comparing the same with 
the J-R curve of the material. However, this procedure requires 
expertise and large computation time. As an alternative, the 
stability analysis of throughwall cracked straight pipe can be 
easily performed using different J-estimation schemes such as 
GE/EPRI, LBB.NRC, Paris-Tada and LBB.BCL1 and LBB.BCL2 methods. A 
preliminary calculation has been done [113 for 610 mm suction line 
using these estimation schemes. The same approach is being 
followed for other PHT pipe lines. One of the limitations of these 
estimation schemes are their inability to consider crack face 
loadings. Figs.2,3 and 4 show the importance of crack face loading 
on SIF for straight pipes with different shell parameters, 
dominantly under internal pressure. It may also be noted here that 
similar estimation schemes are not available for elbows and tees. 

To overcome these difficulties, the other simple and reliable 
alternative methodology ,which can be adopted f o r  level 3 
calculations, is the R6 method. The R6 method requires four inputs 
to evaluate the assessment points for a structure. These are SIF, 
material fracture toughness, applied load and the limit load of 
structure at plastic collapse. Out of these four inputs, fracture 
toughness is a material property and the applied load is known 
from the design analysis. However, the other two parameters, 
namely, SIF and limit load at plastic collapse are geometry 
dependent and vary with crack size. While the equations of SIF and 
limit load of straight pipe with different crack orientations 
under various types of loading conditions are well documented in 
open literature [121, the same is not true for elbows and tees. 
Finite element method is being used to calculate SIF and limit 
load for these geometries. 

As a first step towards this purpose, a database has been 
generated by the authors to evaluate SIF of elbows with 
throughwall flaws under combined internal pressure and bending 
moment [131. SIF is expressed as: 

where &id is the SIF at mid-surface, r is the mean radius of 
pipe, t is the thickness, M is the applied bending moment and p is 
the internal pressure. 

Three parameters are chosen 50 characterise a cracked elbow, 
namely, the pipe factor (h=tR/r ) ,  r/t and the crack length. 
Another parameter ( p )  is selected to consider the relative 
magnitude of stress due to internal pressure and bending moment. 

Ae = h i d  / (Tr <(Ea) , C r  = M/nr2t + pr/2t 
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It is expressed as, p = 2/n. (M/pr3). Ae is expressed in terms of 
these parameters. Figs.5 and 6 show the elbow geometry and a 
sample database. 

To determine other input for R6 method, namely, limit load, a 
study has also been performed on an elbow with a throughwall 
circumferential flaw at the extrados under bending moment 1141 
Fig.7 shows the moment rotation curve for circumferential crack 
angles, 2+ 90° ,  140' and 180'. Limit moments are then evaluated 
by twice elastic slope method. The limit moment of a cracked elbow 
is then normalised with that of a healthy elbow. If an equation of 
the form MI/Mo= l - C ( # ~ / n )  is fitted to the above results, the 
average value of 'C' works out to be 1.52 which is very close to 
the value of C4.5 suggested in [ E l .  Finally safety assessment of 
a pump discharge elbow of 500 MWe PHT piping system has been 
carried out using R6 option 2 method. A sensitivity study is also 
performed to study the effect of different parameters, namely, 
crack length, load and material fracture toughness on the safety 
of the component. Fig.8 shows the locus of assessment points. In 
another related study [16],collapse moment of pump discharge elbow 
with various longitudinal crack sizes at crown under combined 
internal pressure and bending moment has .been evaluated. The 
future thrust of this work will be to develop a similar 
methodology for branch tees. As a first step, limit load of 
healthy ROH branch tee under internal pressure has been evaluated 
by FEM which compared well with reported experimental value. 

EXPERIMENTAL PROGRAM IN SUPPORT OF LBB ANALYSIS 

Parallel to the analytical work, an experimental program has 
also been undertaken to support and validate some of the 
analytical tools which are used in LBB analysis. Elasto-plastic 
Fracture Mechanics (EPFM) is one domain where a number of 
uncertainties prevail, which are to be addressed and understood 
through experiments-. Since, LBB is applied to PHT piping of 
nuclear power plants, the relevant components are straight pipes, 
elbows and branch tees. Keeping these in view, a set of pipe 
fracture experiments have been carried out to understand the 
fracture characteristics of straight pipes with a circumferential 
crack under bending moment and also to compare the different 
analytical predictions of load vs. load-line deflection [17]. 

Experiments have been performed on small diameter (OD=60.5 
mm) carbon steel (CS), SAlO6GrB and stainless steel (SS 316) pipes 
with various sizes of throughwall circumferential cracks under 4 
point bending load on MTS m/c. Two sets of experiment- each set 
consisting of 4 CS pipes and -41 SS pipes, have been carried out. 
One set is done at room temperature and the other set at reactor 
operating temperature 300'C. Pipes are fatigue pre-cracked to have 
sharp crack tip. Subsequently, these are subjected to displacement 
controlled 4 point bending load on MTS m/c. Three parameters, 
namely, load, load-line - displacement and crack mouth opening 
displacement (CMOD) have been continuously monitored during 
experiments. Figs.9 and 10 show typical load deflection curves of 
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CS and SS pipe at room temperature and 30OoC. Appreciable drop in 
maximum load may be observed in case of SS pipe. The experimental 
load deflection curve is compared with the analytical predictions 
by GE/EPRI, Paris-Tada, LBB.NRC, LBB.BCL1 and LBB.BCL2 methods. 
Fig.11 shows a typical comparison up to the maximum load. One 
interesting feature, observed during experiment is out-of-plane 
crack growth in case of CS pipes which has been reported in [181 
also. Fig.12, 13 and 14 show the photographs of experimental 
set-up, out-of-plane and in-plane crack growth of CS and SS pipes 
respectively. A similar set of experiment is planned on large 
diameter pipes to study the effect of triaxiality on instability. 

In another experiment [193, equal diameter (410 m) PHT 
header tee junction was subjected to low cycle fatigue. The 
maximum crack depth of 30 mm was observed after 40000 cycles on 
the outer surface at the tee junction. Further studies are being 
planned to demonstrate LBB. Finally, a material database of PHT 
piping materials is also being generated for use in LBB analysis. 

DISCUSSION AND CONCLUSIONS 

Developmental work related to demonstration of level 2 and 
level 3 confidence is described in this paper. In a typical case 
study on PHT straight pipes for level 2 of LBB, negligible amount 
of fatigue crack growth is predicted for the entire life period of 
the reactor. The similar calculations will be done in future for 
other piping components e.g. elbows and tees. Regarding level 3 
analysis of LBB, R6 method has been adopted. While the necessary 
inputs for the application of R6 method for straight pipes are 
easily available in literature, the same cannot be said for elbows 
and tees. A database to evaluate SIF of elbows with throughwall 
flaws under combined internal pressure and bending moment has been 
generated. This database will provide one of the inputs for R6 
method. The methodology of safety assessment of elbow using R6 
method has been demonstrated for a typical pump discharge elbow. 
In this analysis, limit load of the cracked elbow has been 
determined by carrying out elasto-plastic finite element analysis. 
The limit load results compared well with those given by Miller 
[151. However, it requires further study to give a general form of 
limit load solution. Same approach will be adopted for branch tees 
also. Finally, a set of small diameter pipe fracture experiments 
have been carried out at room temperature and reactor operating 
temperature. Two important observations of the experiments are - 
appreciable drop in maximum load at 3OO0C in case of SS pipes and 
out-of-plane crack growth in case of CS pipes. Experimental load 
deflection curves are finally compared with five J-estimation 
schemes predictions. 
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LBB IN CANDU PLANTS 

M.J. Kozluk and D.K. Vijay 
Nuclear Technology Services Division, Ontario Hydro Nuclear 

Toronto, Ontario, Canada 

Postulated catastrophic rupture of high-energy piping systems is the fundamental criterion used 
for the safety design basis of both light and heavy water nuclear generating stations. Historically, 
the criterion has been applied by assuming a mnmechanistic instantaneous double-ended 
guillotine rupture of the largest diameter pipes inside of containment. Nonmechanistic, meaning 
that the assumption of an instantaneous guillotine rupture has not been based on stresses in the 
pipe, failure mechanisms, toughness of the piping material, nor the dynamics of the ruptured pipe 
ends as they separate. This postulated instantaneous double-ended guillotine rupture of a pipe 
was a convenient simplifying assumption that resulted in a conservative accident scenario. This 
conservative accident scenario has now become entrenched as the design basis accident for: 
containment design, shutdown system design, emergency fuel cooling systems design, and to 
establish environmental qualification temperature and pressure conditions. The requirement to 
address dynamic effects associated with the postulated pipe rupture subsequently evolved. The 
dynamic effects include: potential missiles, pipe whipping, blowdown jets, and thermal-hydraulic 
transients. 

Recent advances in fracture mechanics research have demonstrated that certain pipes under 
specific conditions cannot crack in ways that result in an instantaneous guillotine rupture. 
Canadian utilities are now using mechanistic fracture mechanics and leak-before-break 
assessments on a case-by-case basis, in limited applications, to support licensing cases which seek 
exemption from the need to consider the various dynamic effects associated with postulated 
instantaneous catastrophic rupture of high-energy piping systems inside and outside of 
containment. 

WHAT IS LEAK-BEFORE-BREAK? 

The term leak-before-break has been used in reference to a myriad of pressure retaining 
components. In this paper, the term is used in the context of nuclear power plant piping. In this 
context, the premise of leak-before-break is that the materials used are sufficiently tough (ductile) 
that small through-wall cracks resulting in coolant leak rates well in excess of those detectable 
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by installed leak detection systems would remain stable and not result in a double-ended 
guillotine break or equivalent rupture. The elements of leak-before-break are: 

- exclusion of active failure mechanisms, 
- adequate ductility in the piping material and welds, 
- leakage detection capability, 
- adequate time for safe shutdown, 
- stability of large through-wall cracks, 

A leak-before-break assessment is a mechanistic application of fracture mechanics which 
considers all of the potential failure mechanisms, the piping design loads (both normal and 
extreme loadings), installed leak detection capabilities, the geometry of the postulated crack, and 
the material properties of the piping. The objective of the assessment is to quantify the margins 
that are available between detectable through-wall cracks and idealized cracks that are at the 
point of instability. These margins are quantified with respect to: material properties, piping 
loads, crack size, and leak detection capabilities. If the margins are large enough, it can be 
concluded that the specific pipe rupture is incredible. It is then argued that it is not necessary 
to consider the dynamic effects associated with the postulated pipe ruptures. That is, it is 
justifiable to eliminate the need for devices (barriers/restraints) designed to deal with the dynamic 
effects of a full flow area rupture of the pipe. (Dynamic effects include: pipe whip, pipe break 
reaction forces, jet impingement forces, decompression waves within the ruptured pipe, and 
pressurization in cavities and compartments). 

THE CANADIAN LICENSING ENVIRONMENT 

Requirements for piping and pressure vessels in Canadian CANDU reactors are spelled out in 
a number of codes and standards, adherence to which is enforced by both provincial and federal 
authorities. Enforcement is done directly by inspection or indirectly by requesting evidence 
which would positively prove the adherence. 

In the province of Ontario, the Boilers and Pressure Vessels Act and its attached Regulations is 
the statute applying to conventional boilers, pressure vessels, and plants. The Inspection Branch 
of the Ministry of Consumer and Commercial Relations (MCCR) is responsible for safety of 
boilers, pressure vessels, and plants. This Act, which outlines the basic rules and regulations 
only, stipulates that the MCCR Chief Inspector and Inspectors in carrying out their duties refer 
to Canadian Standards Association (CSA) and American Society of Mechanical Engineers 
(ASME) publications. Their duties under the Act are in reference to the approval of designs, the 
fabrication, installation, inspection, testing, operation, and use of boilers, pressure vessels, and 
plants. The principal codes and standards that are applicable to the nuclear piping systems are 
the Canadian Standards Association N-series of standards and the ASME Boiler and Pressure 
Vessel Code. 
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In Canada, the Atomic Energy Control Act and the Regulations made thereunder stipulate in very 
broad terms the powers of the Atomic Energy Control Board and the requirements to be fulfilled 
by licensees. The licensing approach taken in Canada is based on the principle that the primary 
responsibility for safety lies with the utility. The regulator determines whether this has been 
achieved to their satisfaction. In this licensing framework, the Atomic Energy Control Board 
issues only limited regulations. Reference [ 13 describes the general approach taken in Canada 
for analyzing and limiting the consequences of the postulated pipe rupture to containment, 
shutdown systems, and emergency core cooling systems. 

ONTARIO HYDRO’S LEAK-BEFORE-BREAK APPROACH 

In the mid-l980s, Ontario Hydro pursued the application of leak-before-break to the prim ry heat 
transport piping for a Canadian (CANDU) reactor. During the design and construction phase of 
Darlington NGS, Ontario Hydro realised that it was not possible to design and install pipe-whip 
restraints and impingement barriers that would guarantee protection from a l l  of the postulated 
breaks of the heat transport piping. Ontario Hydro entered into discussions with the Atomic 
Energy Control Board of Canada on the potential use of a leak-before-break philosophy to 
preclude the installation of pipe-whip restraints for the postulated ruptures of the large diameter 
(211’,22”,24”) heat transport piping inside containment. The outcome of these discussions was 
an agreement in principle for the limited use of leak-before-break. The principal caveats placed 
on the use of leak-before-break were it could only be used for those breaks: 

- where the provision of pipe-whip restraints is impractical, 
- which would not lead to a failure of the containment boundary or either of the two fast 

- which would not disrupt emergency coolant injection to both sides of the core. 
acting safety shutdown systems, 

The leak-before-break approach as applied to the Darlington nuclear generating station, is a 
conditional design alternative to the provision of pipe-whip restraints on large diameter primary 
heat transport system piping. Its application resulted in significant cost savings to Ontario Hydro. 
The remainder of this section briefly describes the salient features of this leak-before-break 
approach; for more specific details of the approach the reader is directed to References [2-81. 

The Darlinpton Nuclear Generating Station: is the latest of Ontario Hydro’s nuclear 
generating facilities. Darlington NGS is comprised of four identical CANDU units, each having 
a capacity of 881 MW(net). The station containment envelope comprises the four reactor vaults, 
the fuelling duct which runs the full length of the station and connects the fuel handling and 
service areas, the fuelling machine head removal area, the pressure relief duct, the pressure relief 
valve manifold, and the vacuum building. The lay out and design of the reactor building adopted 
for Darlington incorporates a number of features which result in reduced capital cost and 
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construction time, improved maintenance arrangements, and lower heavy water upgrading 
requirements. The reactor unit containment envelope encloses only those components and 
systems which cannot safely be located outside the containment boundary or which are so closely 
associated with the reactor and the coolant that they need to be located inside. The reactor 
containment vault has a rectangular shape and consists of reinforced-concrete floors supported 
by reinforced-concrete walls. The reactor vault structure is divided vertically into two areas: the 
fuelling duct and basement in the area below grade and the reactor vault which houses the 
reactor, primary piping in the heat transport system and the heat transport pump and the primary 
head of the steam generators. 

The main heat transport circuit of each unit has a volume of 2 3 h 3  (8,200 f?), is configured in 
two loops, and includes: 

- 480 horizontal, reactor fuel channels with 960 feeder pipes. 
- 4 vertical steam generators. Each has 4,663 U-tubes fabricated from 0.625" hone1600 

tubing with a nominal wall thickness of 0.0445". ' 
- 4 electric motor driven circulating pumps. 
- 4 reactor inlet headers and 4 reactor outlet headers. 
- interconnecting carbon steel piping. The smallest are the feeder (1%"-3W schedule 80) 

pipes and the largest is the 24" schedule 100 pump suction pipe. 

In addition to the main heat transport circuit described above, the heat transport system includes 
the following equipment and auxiliary systems outside containment: the steam generators, heat 
transport pump motors, purification circuit, pressure and inventory control, heat transport pump 
gland seal system, shutdown cooling system, and the autoclave circuit. 

Systematic LBB Review: At the outset, Ontario Hydro undertook an extensive, systematic 
review to address all factors that could have an impact on the validity of leak-before-break as 
applied to the large diameter (21", 22", 24") primary heat transport piping of Darlington NGS. 
The objective of this evaluation was the formulation of a rational and comprehensive 
leak-before-break approach that would then be applied to the large diameter heat transport piping 
of Darlington NGS. The following are the key review activities that were initiated 

- A review of the leak-before-break approaches used in other jurisdictions. 

- A critical review of potential for any failure mechanism known to affect piping systems 
and of the welding fabrication, installation, and pre-service/in-service inspection 
procedures used for the heat transport circuit. 

- A critical review of the capability of installed leak detection systems. 

- Development and validation of a leak rate model, appropriate for heavy water and the 
range of crack sizes being postulated in the leak-before-break assessments. 



- Acquisition and validation of state-of-the-art elastic-plastic fracture mechanics stability 
assessments for cracks in all piping components used in the heat transport piping 
system. 

- A critical review of all of the operating transients and accident scenarios for the heat 
transport circuit. 

- A test program to characterize the material properties of all heats of piping steel and all 
welding procedures used in the large diameter heat transport piping. All heat transport 
piping is fabricated from seamless SA106 Grade B carbon steel piping and forged 
components are fabricated from SA105 carbon steel. 

The results of these systematic reviews were used to arrive at the leak-before-break approach 
adopted by Ontario Hydro for Darlington NGS. The following provides a brief review of the key 
task group findings. 

Other LicensinP Approaches: At the time of the review, only two approaches had been 
established: Germany's Basis Safety approach and the approach recommended by the US-NRC 
Piping Review Committee. Elements from both approaches were considered in the approach 
adopted by Ontario Hydro. 

Failure Mechanisms: It was concluded that all potential failure mechanisms of the primary heat 
transport piping are adequately addressed in the design requirements, commissioning program, 
operating procedures, and inspection programs. Fatigue mechanism identified as having a 
potential to be active in the large diameter heat transport piping. That is, there are no failure 
mechanisms that would challenge the implicit assumptions of leak-before-break. Modifications 
were made to the in-service inspection program in the area of erosion and corrosion to ensure 
the continued validity of this conclusion. 

Inaumrral Inspection: The primary heat transport system is designed and fabricated to meet the 
ASME Boiler and Pressure Vessel Code requirements for Class 1 piping. Volumetric 
examination, using radiography, is required for all welds in Class 1 piping systems. In addition, 
an inaugural inspection was performed of all heat transport piping welds in piping greater than 
6" in size. The method of inspection was ultrasonics and this inspection was performed primarily 
to establish base line measurements for the in-service inspection program. 

In-service Inspection: The role of the in-service inspection program, in the context of leak- 
before-break, is to ensure (verify) that the heat transport piping is not subject to degradation 
mechanism(s) which would challenge the assumptions used in the leak-before-break assessments. 
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Leak Detection: The Darlington generating station operating procedures require immediate 
shutdown of the reactor at confirmed leakage rates of 0.5 kgsecond (8 Usgpm) from the heat 
transport system. Installed leak detection systems can reliably detect leak rates that are more 
than two orders of magnitude lower than this limit. This immediate shutdown action limit is self- 
imposed and is based on stringent emission limits for tritium and the economic penalties 
associated with lost or downgraded heavy water. No modifications to existing systems used to 
detect leakage from the heat transport system were required to support the application of leak- 
before-break. However, operating procedures and checks with respect to leak detection were 
formalized to support the application of leak-before-break. 

Note, the time to detection does not enter into the leak-before-break assessment. Rather, the time 
from detectionkonfirmation of a specific leakage rate to shutdown is specified in plant 
operational procedures. 

Leak Rate Model: The leak rate model employed for sizing the length of the through-wall 
(either axial or circumferential) crack that would leak at the immediate shutdown action limit is 
described in Reference [7]. The code uses a homogeneous frozen model applied at the choking 
plane or throat for estimating the critical mass flux. The thermal-hydraulic conditions at the 
throat are determined, by solving the one-dimensional mass and momentum equations, based on 
the homogeneous two-phase flow model. The flow-path is "nodalized" and a double-iterative 
solution technique applied until convergence is obtained on both the fluid exit pressure at each 
node, and the discharge mass flux at the crack exit plane. The leak rate model was validated 
against published and in-house experimental results. 

Fracture Mechanics Evaluation: Ontario Hydro adopted the approach for demonstrating the 
structural integrity of piping system originally recommended by the US-NRC Piping Review 
Committee in Volume 3 of NUREG-1061. The fracture mechanics evaluation of piping involves 
five distinct steps: 

(1) Demonstrate that the piping system meets all design requirements. 

(2) Postulate the largest credible surface flaw in the piping component. 

(3) Perform a fatigue analysis of the surface flaw specified in step (2). The purpose of the 
analysis is to demonstrate that the surface flaw will not grow through the pipe wall during 
the design service life of the piping system. 

(4) Postulate a detectable through-wall (leaking) crack in the piping component. The size 
(length) of the through-wall crack should be such that the calculated leakage rate of fluids 
discharged from the crack under normal operating loads are equal to the immediate 
shutdown action limit. 
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(5) Perform an elastic-plastic fracture mechanics assessment to demonstrate that adequate 
margins exist against the onset of unstable crack extension. The minimum margins which 
must be meet are two on the size (length) of the through-wall crack and square root of 
two on the extreme piping loads. 

For application to Darlington NGS large diameter heat transport piping, circumferential 
flaws/cracks are postulated at all girth-butt welds and axial flaws/cracks are postulated in the 
body of all in-line fittings (e.g., elbows and branch connections). The commercially available 
finite element program ABAQUS was used to perform the elastic-plastic fracture mechanics of 
these components. An extensive activity was undertaken to demonstrate and validate the elastic- 
plastic fracture mechanics capabilities of the ABAQUS program. Some details of the finite 
element modelling assumptions and findings are given in References [6,7]. 

Through-wall (leaking) cracks are sized using only the normal operating pressure, i.e., the normal 
operating piping section bending moment is not credited for increasing the crack-mouth opening 
area of the postulated circumferential crack. The length of the postulated cracks corresponds to 
a leakage rate equal to the immediate shutdown action limit of 0.5 kg/second (8 USgpm). This 
leads to conservative predictions on the size of leaking cracks used in the stability assessments. 

Validation of Fracture Mechanics: In order to acquire the detailed database required to 
validate the elastic-plastic fracture mechanics models used in the leak-before-break assessments, 
and to better understand the response of degraded piping and components, Ontario Hydro joined 
the first and second International Piping Integrity Research Group (IPIRG) progrms[9]. Ontario 
Hydro participated as a joint member together with the Atomic Energy Control Board. The 
results of the US-NRC funded Degraded Piping Program and the Short Cracks in Piping and 
Piping Welds Program were also made available to participants in the IPIRG programs. This 
provided Ontario Hydro with an extensive, high quality, pipe fracture database that is being used 
to validate the elastic-plastic fracture mechanics models that are used in performing leak-before- 
break assessments. Participation in these programs has also greatly improved our understanding 
of the response of degraded piping components and systems subjected to extreme loadings. 

PiDinP Loads: To ensure that the largest credible loadings are used for the stability assessment 
of the postulated cracks, five leak-before-break reference transients were formulated. Existing 
design service transients and possible process failure scenarios were considered in developing 
these extreme transient scenarios. e.g., one transient scenario is a design basis earthquake together 
with seismically induced failures in non-qualified secondary systems. Another is a small break 
loss of coolant accident resulting in operation of the heat transport pumps under partially voided 
conditions, which can give rise to significant pressure pulsations in the heat transport piping. 
These leak-before-break reference transients are used only for the purposes of ensuring that the 
largest credible piping section loads, pressure, and thermal gradients are used in the leak-before- 
break assessments. 



Material Characterization: All heat transport piping is fabricated from seamless SA106 
Grade B carbon steel piping and forged components are fabricated from SA105 carbon steel. An 
extensive material testing program was undertaken to characterize all of the piping materials and 
welds that were used in the fabrication of the heat transport circuit. This material 
characterization was required to perform the elastic-plastic fracture mechanics analyses. The 
upper-shelf ductility of carbon steels, as measured by lateral contraction during tensile testing, 
shows a minimum value in the temperature range 200-300°C. Tensile tests were conducted in 
this temperature range and it was established that this material minimum was in the 
neighbourhood of 250°C for the heats of SA106B being used for fabrication of the Darlington 
heat transport piping systems. This temperature was conservatively selected for the material 
property testing that was performed to characterize the parent and weld properties for operating 
temperatures. The original test program involved 63 tensile tests and 91 J-resistance (compact 
tension) tests. The test matrix included: all heats of three different pipe sizes (12", 22", 24'7, two 
SA105 vesselet forgings, all welding procedures, testing at 20°C and 250", and testing in both 
the longitudinal (C-L) and circumferential (L-C) directions. 

Reference [4] provides some details and results.of this material testing program. The results 
from this material testing program have been included in the 1995 edition of the US-NRC's 
Piping Fracture Mechanics Data Base (PIFRAC Version 3.1). 

Post-Weld Heat Treatment: Two out of three of the compact tension tests of one of the 
welding procedures tested at 20°C exhibited -5mm crack jumps after -2mm of ductile tearing. 
This particular welding procedure had been developed for piping less than 1%" in thickness and 
as such does not require a post-weld heat treatment. The welding procedure utilizes a gas 
tungsten arc root pass, a shielded metal arc second pass, and submerged arc for all remaining 
passes. The observation of the macro-cleavage (relatively large crack jumps) lead to an 
expansion of the material characterization program: literature review, Charpy impact tests, 
chemical analysis, metallography/fractography, and an additional 9 tensile and 12 compact tension 
tests. It was concluded that the reduction of as welded fracture toughness can be attributed to 
the phenomenon of dynamic strain aging, which in turn depends on the amount of carbon and 
soluble nitrogen. Post-weld heat treatment increased the J-resistance curve of welds; but it did 
not eliminate dynamic strain aging or the presence of micro-cleavage (very small crack jumps) 
completely. Based on these observations it was deemed prudent to apply post-weld heat 
treatment (beyond that required by the ASME B&PV Code) to all welds in piping systems to 
which leak-before-break was being applied. 

LBB FOR OPERATING NUCLEAR GENERATING STATIONS 

As in other jurisdictions, the application of leak-before-before introduces an inconsistency 
between the design basis for dynamic effects and the ,design basis used for the design of 



shutdown system capability, fuel cooling, and containment for specifying and the environmental 
qualification conditions for safety related systems. With the potential for large cost savings in 
the area of environmental qualification (both within containment and in the balance of plant) and 
the integrity of steam generator divider plates, Canadian utilities are attempting to justify the use 
of mechanistic fracture mechanics and leak-before-break analyses techniques on a case-by-case 
basis to support licensing submissions. The overall goal is to ensure that an acceptable level of 
safety is achieved in a cost-effective manner through a better understanding of the response of 
degraded piping systems and more realistic predictions of postulated failures of high energy 
piping systems. 

I 

The elastic-plastic fracture mechanics models and material and test databases, available from the 
recent fracture mechanics developmental programs, are being used in fitness-for-service 
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assessments of pressure retaining components containing in-service degradation. These fitness- 
for-service assessments are used to demonstrate compliance with the requirements of Section XI 
of the ASME B&PV Code. In the future these databases will be used to develop probabilistic 
models that can be used to better quantify the risk associated with the full spectrum of sizes of 
piping failures. 
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THE USE OF LBB CONCEPT IN FRENCH FAST REACTORS : APPLICATION TO SPX PLANT 

A. TURBAT, H. DESCHANELS, M. SPERANDIO, FRAMATOME Dir. NOVATOME 
C. FAIDY, EDF-FRANCE 

SUMMARY 

The leak before break (LBB) concept was not used at the design level for SUPERPHENIX (SPX), but different studies 
have been performed or are in progress concerning different components : Main Vessel (MV), pipings. These studies 
were undertaken to improve the defense in depth, an approach used in all French reactors. 

In a first study, the LBB approach has been applied to the MV of SPX plant to verify the absence of risk as regards 
the core supporting function and to help in the definition of in-service inspection (ISI) program. 

Defining a reference semi-elliptic defect located in the welds of the structure, it is verified that the crack growth is 
limited and that the end-of-life defect is smaller than the critical one. 

Then it is shown that the hoop welds (those which are the most important for safety) located between the roof and 
the triple point verify the leak-before-break criteria. 

However, generally speaking, the low level of membrane primary stresses which is favourable for the integrity of the 
vessel makes the application of the leak-before-break concept more difficult due to small crack opening areas. 

Finally, the extension of the methodology to the secondary pipings of SPX incorporating recent European works of 
DCRC is briefly presented. 



INTRODUCTION 

The leak-before-break (LBB) approach applied to the Main Vessel (MV) of SPX plant is used first to verify the 
absence of risk as regards the core supporting function (safety consideration) and then to help in the definition of in- 
service inspection (ISI) program. 

It determines if the leak detection is feasible during normal operation before a possible collapse in accidental 
conditions and it allows to specify and to bound the MV areas to be inspected. 

A general study was led about the application of LBB approach to the MV of SPX plant. This paper presents the 
synthesis of this study and the extension of the methodology to the secondary loops where a similar study is today in 
progress. 

LBB IN THE MV : GENERAL CONTEXT 

The absence of risk as regards the core supporting function is verified as follows : an initial hypothetical defect is 
considered in a hoop weld. Its propagation during the plant life is assessed and one tries to show that in every 
circumstance a leak will be detected before a complete break occurs even though we first prove the impossibility to 
obtain a through-wall or critical defect. 

Selection of the initial defect 

The reference defect considered is an isolated 170 mm long and 5 mm deep semi-elliptical defect. It would correspond 
to an electrode deposit, which is very pessimistic when compared to IS1 results. 

Locations investigated 

The defects are located in the weld planes or in the heat affected zones at the most critical points (where the critical 
length is low or the stress range is high). Figure 1 shows the welds of the MV. 

The study was extended to the axial welds and to the welds of the vessel bottom under the triple point, although they 
do not concern the core supporting function. 



THE LBB PROCEDURE FOR'MV 

. i  

The LBB procedure consists of two different parts : the verification of integrity and the detection of leak. 
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Verification of integrity 

The aim is to show that the initial defect cannot become neither through-wall nor critical under the fatigue propagation 
due to normal operation transients. This part of the procedure is illustrated on the left side of figure 2. 

The margins are assessed by two different ways : increasing the number of cycles and increasing the range of the 
cyclic loadings. The stability of the defect at the end-of-life is verified under the action of the Safe Shutdown 
Earthquake (SSE), the highest accidental loading case. 

Verification of the leak detection before break 

Although, at the previous step, we tried to show that the initial defect does not become through-wall (assessing the 
margins), we assume then that, for an unknown reason, it goes through the wall. Therefore, the aim is to show that 
the corresponding flow rate will be detectable before the complete failure of the structure (right side of fiyre 2). The 
flow rate before break is calculated in a pessimistic way considering the length of a fictitious through-wall defect (due 
to an hypothetical propagation) on the back side of the wall a, : 

Critical rectangular crack 
+1 

Minimum l e n g y  , 4 
R sidual ligament ? 

1 Ma%mumlengfhal J 

To evaluate the flow rate, we assume that the through-wall length a, on the back side is that existing when the 
maximum length is equal to that of the critical rectangular through-wall defect a, under the action of the SSE. The 
value of a, is given by a, = a1 - %, where a, is the crack length at wall penetration. 

The opening of the defect (leak area) and therefore the flow rate are calculated with the loading system corresponding 
to the normal operation. 

We consider that the LBB concept is verified if this flow rate is greater than or equal to ten times the detectable leak. 



Material urouerties 

The constitutive material of the MV is the 316 SPH stainless steel. The minimum mechanical properties of base metal 
at 400 "C are : 
Yield strength : uy = 121 MPa 
Ultimate strength : R, = 429 MPa. 

For the fatigue propagation, the PARIS law is used : 

AK : M P a G  

The characteristics are taken at 550 "C (maximum temperature for nominal and incidental transients) : 

C = 4.39 X la" ; n = 3.28 

Creep effects are neglected due to normal operating temperature of 390 "C. 

For the stability assessment, a tearing curve has been established from experimental results of reference 2 up to 
200 mm. It was used for a tearing length lower than 10 111111. The main parameters are : 

Jlc = 150 kJ/m2 

da 
- = 100 ma (initial value). 

Residual stresses 

The residual stresses were taken into account differently for fatigue, stability and leak area : 

* For the fatigue propagation and stability of surface defects, a stress equal to the yield stress (in mode 1) was 
considered. 

* For the stability of through-wall defects and leak area calculations, it was shown (see the results below), that the 
effect of residual stresses is negligible ; so they were not taken into account. 

Loadings 

The fatigue propagation through the thickness was evaluated considering a cycle enveloping all normal and incidental 
transients with a number of Occurrence equal to 1105 (number of start-ups and shutdowns in design data). This cycle 
leads also to the defect shape which is the most conservative for leak detection, due to a high bending stress level 
which results in a large residual ligament. 

184 



Fatigue propagation analvsis 

The method used is similar to that of appendix ZG of RCC-M based on PARIS law (Ref.3). The value of the stress 
intensity factor is corrected to take into account the plastic area and the mean stress (R ratio). 

Stabilitv analvsis 

The stability of the end-of-life and the hypothetical through-wall defects is investigated using the R6 rule based on 
the (KR, LR) diagram (Ref.4). In this study, a possible tearing of the rectangular through-wall defect (< 10 mm) is 
taken into account and if the defect becomes stable again after a limited tearing, it is considered as acceptable. 

Leak area calculation 

The residual stresses are not taken into account as it was shown that their effect is negligible (see results). The general 
(simplified) method used for leak area evaluation is based on the application of the formula of reference 5 : 

4CU' 

E 
6 = - (c = semi-length) 

with d = 0.37 ab 

Then the flow rate is calculated assuming an elliptic shape and a laminar or turbulent flow according to the value of 
the REYNOLDS number (Ref.6). 

In the case of the hoop weld located in the gas area, the opening was directly computed with a finite element model 
of the cracked structure (Ref.7). 

LEAK AREA VALIDATION 

Specific calculation on a through-wall hoop defect located in the homogeneous weld of the QS area 

This calculation (Ref.7) was performed because this weld submitted to a high bending is the most difficult to justify 
for leak detection. The results obtained are however rather general as regards residual stresses. 



The opening and the stress intensity factor K were calculated for a through-wall defect submitted to the loadings acting 
during n o d  operating : weight (membrane), axial thermal gradient (bending), residual stresses. For the latter, a 
simplified distribution deduced from reference 8 and limited to a height equal to the thickness of the MV (25 mm) 
was considered . 
The through-thickness distribution of axial stresses was taken as follows : 

Circumferential stresses were considered as membrane stresses located in the vicinity of the weld. 

An elastic calculation was led for 3 crack lengths (400 mm, 1 OOO mm, 1 400 mm) using a finite element model 
consisting of 3 dimensional 20-noded brick elements (figure 3). 

The main results can be summarized as following : 

* The effect of residual stresses is negligible both for defect opening and stress intensity factor. As a matter of fact, 
the residual stresses act on a rather narrow area in the vicinity of the weld and the symmetrical shape of the groove 
gives a favourable stress distribution. 

* The effect of a bending stress on the K factor is weaker than a membrane stress of the same value. Therefore, the 
simplified methods used to evaluate K under bending loading are verified for crack lengths greater than or equal 
to 1 OOO mm. For a length of 400 mm, the finite element calculation gives a value 25 96 higher than handbook 
results (Ref. 1). 

* Concerning the effect of a bending stress on the crack opening (or closure), the equivalent membrane stress is equal 
to 0.37 t&, (value of reference 5) for a crack length close to 700 mm. When the length is about 400 mm, the 
influence of the bending stress is more important ; but at 1 OOO mm or more, the influence of the bending is 
weaker. For the lengths investigated, the divergence does not go beyond 14 %. 

4CO' 

E 
* Concerning the effect of a membrane stress on the crack opening, the formula b = - (c = semi-length of the 

crack) is verified with an accuracy of 15 46. 

* Evaluation of the leak area : the calculation of the leak area A (6) is performed assuming an elliptical shape of the 
crack, which is confirmed by the results of the finite element calculation. 
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Finally, this preliminary calculation allowed to modify the LBB methodology as following : 

* The crack opening of the hoop weld located in the cover gas volume is directly given by this calculation (with the 
standard simplified methodology, the critical through-wall defect did not open). 

* The residual stresses are neglected everywhere both for the opening calculation and for the stability analysis of 
through-wall defects (the residual stresses are taken into account only for the surface defects). 

VERIFICATION OF INTEGRITY 

* Circumferential welds 

The integrity conditions are verified in all locations investigated. The results are given in figure 4. 

For the circumferential welds of the MV, the margins to obtain a through-wall defect are more than 10 in terms 
of number of cycles and more than 1.9 in t e r n  of loading intensity. 

The end-of-life defect is stable without tearing under SSE. 

It is found that the minimum critical length of a through-wall rectangular defect for a tearing length of 10 mm is 
much greater than the length of the end-of-life defect. 

* Meridional welds 

The integrity conditions are also verified in all locations investigated, even so the margins are a little less higher 
(but the meridional welds are less important with respect to the core supporting function). 

The non critical character of the end-of-life defects is respected : the maximum value of tearing length under SSE 
is 1 mm. 

VERIF'ICATION OF THE LEAK DETECTION BEFORE BREAK 

For the hoop welds, which support the core, the minimum of opening is 0.03 mm in the gas area and the 
corresponding argon flow is 22 l/h. In the sodium area, the openings are larger and leak detection is easier. 

Theoretical flow rates obtained for the hoop welds show that all of them respect the leak-before-break criteria. 
However, it must be noted that this result assumes there is no plugging, but the plugging risks are low for the weld 
located in the gas area and very low for those in the sodium area. 

For the meridional welds, the crack opening is in the order of 0.1 mm. The leak detection is also possible even so 
relined analyses are needed for the welds located in the cylindrical part of the vessel, the sodium free level area and 
the torical area where hoop compression stresses exist. 

187 



EXTENSION OF THE METHODOLOGY TO SECONDARY LOOPS 

The LBB methodology used for the MV of SPX has been extended to the secondary loops of this plant. The analyses 
are presently in progress. 

The specific points of the LBB approach related to this type of structure (geometry, loading) are briefly listed below. 

All the hypothetical initial defects are located in the weld planes where the probability to have a significant defect is 
maximum and where material characteristics such as toughness are weaker. Two types of weld joints are considered : 
hoop welds and meridional welds located at intrados and extrados of elbows. 

On each loop, the most loaded welds according to the design data are selected following different criteria : 

* Au- for fatigue propagation. 
* u- during hold time for creep propagation. 

for the length of the asymptotic through-wall defect. 

The latter criterion is related to results of recent DCRC (Design and Construction Rules Committee) works. A master 
curve (figure 5) has been established for the evaluation of the length of the asymptotic crack shape at wall penetration 
as a function of bendmg stresslmembraue stress ratio. 

The dimensions of the initial surface defect (semi-elliptical) are 4 X 40 mm. They are the same as the dimensions 
of the reference defect considered by FRAMATOME for PWR piping and are justified by a compilation of IS1 results. 

As far as integrity analysis is considered, three points are to be noted. First, for the loops where creep is significant 
(for instance, the Intermediate Heat Exchanger - Steam Generator line), the defect propagation is calculated for each 
cycle as the sum of creep and fatigue propagations. Secondly, the creep propagation is evaluated in a simple manner 
using the so-called R5 rule of CEGB (Ref.9) which expresses the propagation rate as : 

where K, and n are coefficients identified from creep rupture tests. 

ud being the reference stress in the remaining ligament. 

Thirdly, in the case of the most loaded welds in fatigue, because of a too extended plastic mne around the defect tip, 
the method issued from RCC-M (Ref.3) has to be replaced by the AJ method (RBf. 10) for evaluating AK and fatigue 
propagation. AJ is therefore calculated from a simplified elastic-plastic analysis. 

For stability analysis, the same method as for the MV is used (Ref.4) except that adequate formulations are applied 

to evaluate the main parameters (K,, limit load) in function of the loading type and E ratio. 
t 
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As far as leak detection is considered, the master curve issued from DCRC works is used to assess the length C, of 
the asymptotic through-wall defect. Besides, it is likely that for the meridional welds of elbows, where shell bending 

is important, crack opening area evaluated by the simplified formula of reference 5 ( 6 = $ a*) will have to be 

replaced by a more accurate calculation using a finite element model. 

Finally, it will be said that a piping verifies the LBB concept if all the points selected along the line respect it. 

CONCLUSION 

This paper presents the LBB methodology applied to SPX plant (main vessel and secondary loops) and the results 
obtained in the case of the MV. 

Starting from an initial reference defect, it is shown that the defect remains noncritical and non-through-wall during 
all the plant life in every point of the MV. 

Besides, it is possible to prove that the hoop welds, important for the core supporting function,verify the leak before 
break criteria. 

For the meridional welds, the proposed margins of the LBB procedure are not verified in the cylindrical part of the 
MV, the d i u m  free level area and the torical area if simplified methods are applied, due to compressive stresses in 
normal operating conditions. Hypothesis and method refinements are needed. 

The extension of the LBB methodology to the secondary loops of SPX based on recent works of European R and D 
leads to specific problems related to creep-fatigue propagation of defects and to meridional welds in the elbows. 

i 

! 
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OVERVIEW OF LBB IMPLEMENTATION FOR TIIE EPR 

C.Cauquelin 
NPI 

A few words on the EPR 

The EPR is an evolutionary Nuclear Island of the 4 loop x 1500 Mwe class being presently designed by Framatome 
and Siemens, which, for that purpose, created Nuclear Power International. a joint company with its main offices in 
ParisiThe Basic design phase shall be completed by mid-97 and is conducted in strong cooperation with EdF and a 
group of 9 German Utilities. As far as the NSSS mechanical components are concerned their technology is basically 
similar to those of the most recently erected plants in France and Germany, namely N4 and Konvoi. The main 
operating parameters i.e. pressure, temperatures in hot and cold leg, primary water chemistry are also quite close to 
those of existing plants at least as far as the mechanical components may be concerned. 

Background on LBB in France and Germany (PWR) 

The pre-EPR regulations and practices in France and Germany regarding the break assumptions considered for the 
purpose of designing the mechanical components, their supports and the surrounding civil structures are different ’. 
LBB has never been implemented on French plants. the practice remains unchanged since the first PWR unit was 
built at Fessenheim in the mid-70’s. Large breaks are postulated to occur on all high energy lines. Although there 
was some preliminary talks between the industry and the Safety Authorities in the mid-80’s. they were not pursued to 
a successful end. On the Main Coolant Lines (MCL), guillotine breaks are assumed at the terminal ends. The 
resulting effects are fully considered for the design of the components. their supports and the Civil Works. To 
minimise the dynamic loads and the break flow area, antiwhipping structures are installed around the l i n g  in the 
vicinity of the postulated breaks and small gaps are arranged around the components supports. In addition, because 
of the high loads, fairly large snubbers are required to support the steam generators and the reactor cool$ pumps. 
Typically the French practice derives from the “defencein-depth” principle. The large breaks are seen as one way to 
put margins into the structural design of the components and the surrounding structures. I 

In Germany, LBB was accepted by the licensing Authorities in 79 (see other papers from GRS and poster by Siemens 
for more details). Initially applied to the Main Coolant Lines (MCL) and the Main Steam and Feedwater lines it was 
later on extended to other high energy lines. Removing the antiwhipping structures and reducing the loads on the 
reactor intemals were the main incentives to implement the LBB concept - part of a broader concept called Break 
Preclusion in Germany- to these lines. The primary components and their internals are designed for the loads 
resulting from a relatively smaller leak located anywhere on the main coolant lines (10% of MCL area = 0,lA). The 

’ The basis to design the containment, the safety systems and to qualify the safety equipment are the same and are not 
intended to be modified for the EPR. Breaks up to a double-ended guillotine are assumed to occur on the Main 
Coolant Lines. 



German approach is typically based on a “mechanistic” rationale. Considering the stringent requirements applied to 
the design, manufacturing and operation of the MCL the large breaks are excluded. 

The Break Preclusion concept as applied to the Main Coolant Lines of the EPR 

We have today a conditional agreement from the Franco-German Safety Body to implement LBB on the Main 
Coolant Lines (MCL) as a part of the broader Break Preclusion concept, the philosophy of which is borrowed from 
the German practice. It includes all the measures contributing to minimizing the risk of failure of the MCL. It 
comprises the preventive measures implemented at the design and manufacturing stage and the surveillance 
measures implemented during operation of the plant (figure 1) . In this paper we limit ourselves to the main 
arguments which justify applicability of the concept to the MCL of the EPR and to some comments on the issues 
which are being discussed with our safety authorities. 

Preventive measures 

Because the EPR is an evolutionary PWR heavily based on operating plants, its operating conditions are pretty well 
known at the design stage. Quite clearly, the lines are not subject to severe or unpredictable loads like water hammer, 
stratification or erosion-corrosion phenomena. Field experience provides data on the vibratory level which remains 
very low and irrelevant in terms of stresses. 
The best available manufacturing processes will be implemented. Two qualified options are offered for the material 
of the lines, one is ferritic cladded , the other austenitic (figure 3 shows a typical leg for each option). In both cases: - 

- 
- 

all the main parts are forged 
the number of welds is minimised (total and site welds) 
all large nozzles are intcgrally forged 

The two materials exhibit excellent ultrasonic permeability for shop and field testing. The mechanical properties, in 
particular the toughness, are stable with time. There will be no aging, for instance as it occurred with some castings 
in the past. The bimetallic welds are narrow-gap and Inconel 690 is used as a filler. This type of weld is proven to 
have good toughness properties. 

LBB assessment 

The LBB analytical assessment itself is rather classical in most aspects and rely on existing methods for crack 
propagation and stability. The only true specific point lays with the “multiple life crack growth” step, which is 
borrowed from the German approach. It must be demonstrated that a “reasonable cracklike defect”, arbitrarily 
assumed at beginning of life at the worst location, tends to propagate through the wall rather than around if 
submitted to as many as necessary lifetime transients and that it remains significantly far from unstability when it 
gets through. Obviously the hard point remains to decide on the size of the “reasonable cracklike defect”. On the 
basis of the non destrudive test methods implemented our proposal to day is to take a 4x24 mm defect. 

The main steps of the LBB assessment are summarised on figure 2a and 2b. 

Leak detection system 

As in operating plants, “global” sensors monitoring the containment atmosphere activity and the condensates in the 
air coolers will be installed. They are very efficient to detect leaks, specifically primary leaks. 



“Local” sensors , located inside the loop compartment downstream the air flow, are also considered. They are of two 
types: - humidity sensors (dew point) - temperature sensors (thermocouples) 

Both are very sensitive and reliable. Leaks as low as 30 g/s are detected in a very short time . Detection delay is 
expressed in minutes, depending on the size of the room and the air flow rate. 

Surveillance in service 

There is a general need to record the transients seen by all the primary components and this is already routine work 
on operating plants. In our opinion the LBB concept should not lead to additional requirements to those already 
implemented. 

Regarding IS1 it is honest to say that we have a difference in opinion with our Safety Authorities on this question. 
They argue that if large breaks are excluded, IS1 must be more extensive. In our opinion IS1 is a “sampling” process. 
Inspected areas are selected as “critical” or “typical” and the selection process is not LBB dependant. At any rate, 
layout measures are taken to give access to any part of the MCL for inspection either from outside or from inside if 
not both. As stated earlier the material is forged and well suited for UT and the large bimetallic welds may also be 
Xrayed (austenitic option). 

Practical consequences on the design 

Practically the large guillotine breaks, whether fully doubleended or limited in flow discharge area, will not be 
considered for the mechanical design of the primary components and their surrounding civil structures. Instead a 
complete break of any connected line is postulated. However, although it does not fit with the break exclusion 
principle, a “quasi- static load ‘‘ equal to 2pA is applied to the components for the design of the supports. 

Globally, and except for the “wandering” 0,l A leak which disappears because it is covered by the connected line 
break, the whole procedure is very close to the German one. 

It is definitely a change for the French who are used to the large breaks. If compared with the previous practice, the 
LOCA loads on some parts will be somewhat reduced. The loads resulting from a connected line break are smaller 
than those resulting from a double-ended guillotine break. However the reduction in loading will not be as large as it 
may look at first : - the SSE free field acceleration is larger for the EPR thanit was in the past - the supports are still designed for a 2pA static load - the design of the primary components is largely based on operating components. 

There is one major safety benefit in implementing LBB to the MCL. As already stated , if large guillotine breaks are 
assumed , small gaps are necessary between the antiwhipping structures and the lines and around the components to 
minimize the displacements and the dynamic loads on the supports and the civil strutures. Because of the thermal 
expansion of the loops and the concrete and because the concrete properties vary with time it is necessary to shim 
these gaps in hot condition and to check periodically their magnitude to avoid hard interference. Should it occurit 
would prevent free expansion of the loop and induce unwanted stresses. With LBB there are no antiwhipping 
structures and the gaps around the components need not to be as small. The risk is eliminated. 



From the doses point of view, having no antiwhipping structures around the lines will also improve access to the 
lines and the primary components for inspection and maintenance. On existing plants some of these structures have 
to be dismantled. 

Conclusion 

In our opinion, the LBB concept applies very well to the Main Coolant Lines of the EPR. The high reliability of these 
lines is guaranteed by : 

the stringency of the design rules (Class 1 ETC-M), 
predictability of the operating conditions (loads, chemit ry...) 
quality and properties of the material (all forged parts) 
optimized welding process 
non desructive inspectability in shop and on site 
large margins against cracking and failure 
performances of the leak detection system 

Implementing the concept improve access to the componenL. for inspection and maintenance, and contribute to 
lessen the radiation doses. It also eliminates the risk of hard interference between thc loops and the civil structures 
and therefore contributes to the reliability of the plant. 
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APPLICATION OF THE LBB REGULATORY APPROACH 'TO 
THE STEAMLINES OF ADVANCED WWER 1000 REACTOR 

V.A.KiselyovP, L.M.Sokovb 

a The Russian Minatom Engineering Center of Atomic Equipment Strength, Reliability & Lifetime 

ED0 "Gidropress", Podolsk, Russian Federation 

ABSTRACT 

The LBB regulatory approach adopted in Russia in 1993 as an extra safety barrier is described for advanced 
WWER 1000 reactor steamline. The application of LBB concept requires the following additional protections. 
First, the steamline should be a highly qualified piping, performed in accordance with the applicable regulations 
and guidelines, carefully screened to verify that it is not subjected to any disqualifying failure mechanism. Second, 
a deterministic fracture mechanics analysis and leak rate evaluation have been performed to demonstrate that 
postulated through-wall crack that yields 95 llmin at normal operation conditions is stable even under seismic 
loads. Finally, it has been verified that the leak detection systems are sufficiently reliable, diverse and sensitive, 
and that adequate margins exist to detect a through wall crack smaller than the critical size. The obtained results are 
encouraging and show the possibility of the application of the LBB case to the steamline of advanced WWER lo00 
reactor. 

1. INTRODUCTION 

The general methodology and criteria used for the LBB concept application to WWER 1000 primary circuit are 
presented in Ref. [l]. The calculational and experimental results obtained to date are very encouraging and 
demonstrate the possibility of the LBB concept application to primary circuit of advanced WWER 1000. Further 
researches have been directed to demonstrate the LBB case to the steamlines (SL) of secondary circuit. 

The present Russian regulations do not require the application of LBB concept for SL. The guidelines and 
regulations [2,3,4,5] used for design, manufacturing, installation, operation, inspection and surveillance envisage 
high quality and reliability levels of these components. However, the possibility of the demonstration of the LBB 
concept for SL could be identified as an issue of major safety significance. 

The LBB methodology provides early warning before a catastrophic failure in SL could evolve. Therefore, the 
LBB concept should be applied after the analysis of postulated deviation from design and manufacture aspects, 
materials and operating and in-service inspection, plant monitoring and leak detection systems (LDS). Then, 
potential SL should be carefully screened to verify that they are not subjected to any failure mechanism during 
operation. Next, it is necessary to demonstrate that the leak which might emanate from a through wall crack can 
indeed be detected by LDS and according to procedure [6,7] it should be demonstrated that the postulated cracks 
are stable at the maximum possible loading such as under a safe shutdown earthquake (SSE). 

According to the procedure M-LBB-01-93 [7] which is now in effect in the Russian Federation an analysis of 
fatigue crack growth and surface crack stability is not required because the regulatory documents include standards 
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for calculation of allowable defects and assessment of control results during operation. Nowadays, this approach is 
used in the USA too, where Section XI of ASME Code gives the tables of allowable defects. 

Type of 
Materials 

16 GS 

SV-08 GS 
UONI 13/55 

A through wall postulated crack stability analysis under maximum loads is performed using fracture mechanics 
methods, such as J-integral method [l], R6 procedure [9], Moments method and MPA method [lo] in accordance 
with materials type, geometry, crack direction and applied load. In all cases the J-integral and R6 methods are 
applicable to many types of structure, crack shape and direction, loading and material. 

C Si Mu P S Cr cu N 

0.13- 0.60- 0.9-1.0 max max max 0.06- 0.13- 
0.14 0.80 0.015 0.011 0.15 0.10 0.18 
0.092 0.65 1.5 0.017 0.008 - - - 
0.095 0.26 1.17 0.010 0.019 - - - 

2. OVERVIEW OF AVAILABLE STEAMLINE DATA 

The SL has been designed in accordance with Regulations PN AE G7-002-86 [Z] and Norms PN AE G-7-008-89 
[5] and fully meet the requirements in main sizes, static and cyclic strength, resistance against brittle fracture, 
vibrations and seismic loading. 

2.1. Design features, manufacturing and installation aspects 

Four loops of the SL under consideration are different in layout and length, each is assembled at NPP from 
shopfabricated piping blocks, which reduces the number of installation welds. The principal layout is shown in 
Fig.1, where also the highly stressed cross-sections are given. The SL is each 630 mm outside diameter, the 
nominal wall thickness is 25 mm. The straight pipes and elbows are seamless. They are fabricated by hot stamping 
and are subject to normalization, quenching and tempering. Elbows include a straight ends of pipes. All 
circumferential welds are made in situ and after manufacturing they are subjected to heat treatment to remove weld 
residual stresses. The negative tolerance in wall thickness is 15%, the permissible out of roundness is 8%. There 
are no dissimilar and axial welds inside the containment. 

2.2. Material 

The material used is 16GS type steel. Circumferential welds are made in accordance with Rules [3,4] by automatic 
arc welding with the use of additional wire Sv-08GS and flux FZ16 or manual arc welding with the use of IJONI 
13/55 type electrode. The chemical composition and mechanical properties of base material and weld materials 
without heat treatment are given in Table 1 and Table 2, respectively. 

Table 1. Chemical Composition 

The Charpy-V test data for circumferential welds and heat affected zone at temperature T, being equal to -1O"C, 
0°C and 2OoC, are more than 40 J/cm2, 60 J/cm2 and 80 J/cm2, respectively. 

The upper shelf level of the fracture toughness K,, of base metal and welds is more than 160 MPa mIn at 20°C, 
minimum fracture toughness KJ, for all welds including heat affected zone at 300°C is 140 MPa mln. The critical 
brittleness temperature T, does not exceed + 10°C. 

Table 2. Mechanical Properties 



Type of Tempeiture Ultimate Yield Ductility Contraction 

R, (ma) R,,,,, ( m a )  
16GS type 20 min 491 min 294 min 19 min 47 

steel 350 min 412 min 226 min 15 min 40 

materials T("C 1 Strength Strength A5 (%I z (a) 

SV-O~GS 20 526-538 325-332 14.7-16.4 64.8-70.1 
350 47 1-483 275-309 14.3-17.5 63.9-69.8 

UOM 13/55 20 513-534 3 16-328 17.9-22.0 66.0-69.8 
350 474-482 I 285-316 I 15.0-17.6 I 64.0-7 1.3 

2.3. Metal inspection 

Prior to being used, chemical composition, mechanical properties and critical brittle temperature of welding 
materials are checked. After fabrication, all welds are subject to total (100OC) pre-service inspection (visual and 
measurement checks, liquid penetrant or magnetic-particle examinations, ultrasonic examinations). 

In visual inspection, cracks, spilling, burnthrough, blowholes, rolls, shrink holes, notches, incomplete penetration, 
metal splashes, groups and non-single discontinuities are not allowed. The tolerance for permissible single 
inclusions, aggregations and non-uniformities for all type of examination is established by the corresponding 
requirements of Rules [3,4]. 

In service, total (100%) non-destructive inspection by ultrasonic testing is envisaged for all welded joints. The 
tables of allowable defects are calculated according to the procedure [8]. The checking of metal mechanical 
properties by destructive or non-destructive methods must be accomplished in every 100 OOO operation hours. 

The fulfillment of inspection requirements proves the high quality of the welds from the manufacturing to end of 
life. 

2.4. Leak diamostics 

The LDS is designed for detection and location of leaks inside containment and the limit on unidentified coolant 
leakage for all SL is 9.5 l/min. The LDS is a complex of diagnostic systems based on monitoring of temperature, 
moisture and humidity in closed boxes, fluid level in the drain, condensate accumulation in the recirculation air 
coolers and ventilation filters, pump water or gully water levels, radioactivity of air and acoustic signals. 
Basic parameters of the design LDS are: 
- sensitivity detection, 3-9.5 l/min; 
- accuracy of leak localization, 1-2 m; 
- distance between sensors, 6-10 m; 
- period of signal generation, 1 s; 
- time of leakage indication, less than 120 s. 

2.5. Fatigue 

The SL under consideration must have no particular susceptibility to a failure from the effects of excessive low-and 
high-cycle fatigue. It is required to demonstrate that fatigue crack growth is not significant unless unique fatigue 
mechanisms, such as thermal stratification or mechanical vibration, are present. Therefore fatigue analysis was 
performed and results of calculation indicated that fatigue damage due to the design loading cycles is insignificant 
and fatigue growth of the maximum allowable surface cracks under normal operation conditions (NOC) and upset 
conditions made some decimal millimeter and hence it may be ignored. The pipe vibration level is so low that it is 
practically of no effect on the fatigue damage and crack growth assessment. To control the vibration level some 
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high frequency sensors must be installed directly on components of each steamline. 

Temperature expansions of the SL are provided by displacement of steam generator on roller supports, and the pipe 
layout features high compensation capability. The SL operation conditions ensure prevention of thermal shocks. 
The heating and cooling rates are limited by values of 20°C and 30°C/hour, respectively. Therefore one should not 
expect random overloads due to wedging of individual SL elements, which is proved by operational experience. 

2.6. Water hammer 

Particular attention was paid to estimation of potential water hammer (WH), which results in excessive load. 
During NOC, where coolant parameters are within the design l i t ,  there are no causes for the initiation of any 
WH conditions. The classical WH effect in the SL may be initiated by main steam isolation valve closure. 
Therefore, it was analyzed at the instantaneous and real time (5 sec) operation of the valve closure. Calculational 
value of WH is 0.68 MPa in the first case and 0.12 MPa in the second one. These magnitudes are small and may 
be ignored. 

2.7. Corrosion damage analysis 

Another screening criterion for the candidate LBB piping is that the corrosion and stress corrosion effects does not 
contribute significantly to the total damage of the system analyzed. The ferritic steel type 16GS and circumferential 
welds UONI 13/55 have no particular susceptibility to intergranular stress corrosion cracking and are highly 
resistant to erosion-corrosion, that leads to a wall t h i i g  of the piping exposed to wet steam. 
According to autoclave tests the kinetics of corrosion for secondary circuit environment (temperature 300°C, 
pressure 9 MPa, [CL'J in the medium 5 mg/kg) proceeds with a time-retard (see Table 3). 

Table 3. Autoclave Corrosion Tests 

Time, h 250 500 1000 2000 2500 
~~ ____ ~~ ~~ 

Kinetics of uniform corrosion 

g/m2 mu/yg/m2 mu/yg/m2 mu/yg/m2 mu/yg/m* mu/y 

Base 10.6 47.0 17.0 38.0 28.0 31.0 45.0 24.0 52.523.0 
metal 

Welds 11.5 50.0 21.0 47.0 26.0 29.0 45.5 25.0 56.025.0 

Depth of Pittings (mu) 

min maxmin maxmin maxmin maxminmax 

Base 6 51 14 210 15 220 27 210 45 288 
metal 

Welds 6 30 12 87 21 93 21 165 48 252 



Steel welding through accepted technology practically does not increase any changes in the coposion process. The 
screening of profilegrams by samples of welds does not detect a localiition of the corrosion processes in fusion 
zone. Steel 16GS in the secondary circuit medium is susseptible to pitting corrosion (see Table 3). The maximum 
observed flaw size is less than 0.3 mm. The dependence of the environment on fatigue damage and crack growth 
was taken into account. The total damage is negligible (0.003). Corrosion fatigue is not a limiting LBB concern. 

The SL operating experience data in real environment in acting units with WWER 1000 reactor does not show 
failures of carbon steel components due to erosion-corrosion effects. The current research program envisages 
further erosion-corrosion tests of steel 16GS and welded joints in saturated steam medium. 

2.8. Indirect causes of failure 

The indirect causes of degradation or failure of the SL such as fires, missiles, etc., failures of heavy components 
supports and systems and components in close proximity have been analyzed. Potential of damage from fires, 
missiles, etc. is ruled out because of the design features (layout and the existence of appropriate tight boxes). 
Potential for the failure of heavy component and equipment supports could not cause the rupture of the SL as well 
as systems in close proximity because the major equipment and equipment supports are seismically qualified. Other 
indirect causes, such as pipe hangers failure, failure of snubbers are remote. No indirect degradation or failure of 
the SL were observed in the operation of WWER 1000 reactors. 

3. STATIC AND SEISMIC STRESS ANALYSIS 

The purpose of the analysis was to evaluate tensile, bending and torsion loads (forces and moments), the reaction in 
hinges, supports and anchorages for all possible operating and loading conditions. In the static analysis, the internal 
pressure, deadweight, thermal expansion were taken into account, for seismic analysis the SSE 8" MSK 64 intensity 
was mandatory. Verified computer codes were used in static and seismic analysis. 

The results of stress analysis under normal and seismic loads for layout shown in Fig. 1 are presented in Table 4. 

Critical locations in SL are chosen for the higher stressed sections, particularly the welds. As a result fracture 
mechanics analysis was performed for the "worst" 17 cross-sections. 

4. LBB ANALYSIS 

According to the U.S. approach [11,12] and procedure M-LBB-01-93 [7] the LBB analysis was conducted to 
demonstrate that leakage from a postulated through-wall crack will be detected and any preexisting leakage size 
crack (LSC) will remain stable even under (NOC+SSE) loads and not cause a rupture even if SSE occurs before 
leak detection. Base information for this analysis is given in Table 5 and Table 6.  Design stresses are given in 
terms membrane, bending, primary and secondary ones in the Table 4. 

Table 4. Elastic Stress Analysis (MPa) 

Steamline 
Normal Load 



Seismic Load 
-Section op (p) op (T) G p ( d  

1-1 
1-2 
1-3 
1-4 

7.3 74.5 43.8 
1.7 80.5 28.0 
0.6 101.0 18.2 
2.9 90.6 16.4 

2-1 
2-2 
2-3 
2-4 

9.0 
2.3 
2.3 
5.7 

21.1 
61.1 
69.4 
43.0 

45.1 
13.5 
14.4 
35.0 

3-1 
3 -2 
3-3 
3-4 

7.7 
1.4 
1.0 
0.8 

44.1 
56.5 
36.3 
60.9 

52.1 
13.7 
49.2 
14.8 

4-1 
4-2 
4-3 
4-4 
4-5 

7.1 76.4 74.7 
6.8 85.7 14.9 
3.8 78.6 17.8 
5.9 81.8 13.4 
15.2 4.5 48.3 

(p) is primary global bending stress 
(T) is secondary global bending thermal expansion 

( s )  is primary global bending seismic stress 
(p) = 43.6 MPa is primary axial tensile stress 
( R )  = 45 MPa is assumed secondary axial weld 

stress 

OCL 

OP 
residual stress 

Table 5. Steamlines Characteristics for LBB Analysis 

Outer diameter, 
Wall thickness, 
Material, 

630 mm 
25 mm 

16GS type low carbon steel 
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UONI 13 /55  weld metal 
Design Pressure, 7.84 MPa 
Temperature, 28OoC 
Crack type, circumferential 
Cross-section crack shape, through-wall 
Location, inside containment 
Loading condition, NOC and NOC+SSE 

4.1. Leak rate calculation 

The scope of this calculation is to define the LSC, the leakage through which can be reliably detected by the design 
LDS. Because the steam lines under consideration are inside containment, the leakage detection capability is 
assumed 

Table 6. Calculational Material Data 

Properties Leakage Calculation Crack Stability 
(Best Fit) (Lower Bound) 

Modulus of elasticity E, GPa 195 
Yield strength R,o.2,MPa 3 09 
Ultimate strength %, , MPa 483 
Flow stress CYf , MPa 396 
Fracture toughness K,, , MPa - 

1 9  5 
225 
392 
308 

140 

to be less then 9.5 I/&, and a margin of 10 is applied to this leak rate. The crack size that results in a detectable 
leakage Q, = 95 l/min under NOC is Lp and used in the subsequent stability calculation as the postulated crack 
[13]. For the leakage calculation (at 280°C ), the appropriate best-fit tensile parameters for the base metal and 
welds are used. The weld residual stresses are ignored. 

The leakage Q under NOC is calculated as follows 

Q = GA (1) 

where G is the leak rate, A is the crack opening area which is determined from the Paris/Tada solution [14]. 

The leak rate G can be estimated from Ref. [15] as follows 

k = C,/C, 

where p = 0.65 is the parameter of the flow rate, k = 1.135 is the 
parameter of the steam capacity, C, and C, are the heat capacity of the steam at 
constant pressure and volume respectively, pin = 7.05 MPa is the internal 
pressure, pout is the outlet steam pressure, PI,, = 36.9 kg/m3 is the 
density of the steam in the piping. 
The outlet pressure of the steam is determined from the critical condition 
Pout /Pin= 0 5 
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Using conservative data the values of and corresponding values of 
crack lengths % resulting in the postulated leakage Qp were determined. The 
calculation results are given in Table 7. 

4.2. Crack stability analvsis 

In accordance with the procedure M-LBB-01-93 for the first stability check, a 
crack size of 2% is subjected to normal 

Table 7. LBB Analysis Results 

R6-Method 

Moments Method 
Steam Crack Length along midsurface Margins Crack Length Margin 
line- Lp L,, LC2 (N+SSE) 1.4(N+SSE) L,, (N+SSE) 
Set- (mm> (mm> (mm> loads loads (mm) loads 
tion 

1-1 63 169.9 104.0 2.7 1.6 338 5.4 
1-2 63 190.2 122.6 3 .O 2.0 384 6.1 
1-3 58 177.5 113.2 3.0 2.0 354 6.1 
1-4 60 190.5 123.7 3.2 2.1 384 6.4 

2-1 84 244.6164.1 2.9 2.0 496 5.9 
2-2 80 242.8 168.9 3 .O 2.1 579 7.2 
2-3 81 226.8 154.5 3.4 2.3 460 5.7 
2-4 75 230.6 155.1 3.1 2.1 467 6.2 

3-1 74 197.3 123.5 2.7 1.7 403 5.4 
3-2 72 253.0 178.1 3.5 2.5 508 7.0 
3-3 81 225.2 148.5 2.8 1.8 458 5.6 
3-4 70 243.8 169.6 3.5 2.4 40 1 5.7 

4- 1 63 133.3 71.4 2.1 1.1 247 3.9 
4-2 60 194.0 126.4 3.2 2.1 392 6.5 
4-3 63 204.4 135.1 3.2 2.1 415 6.6 
4-4 61 203.0 134.0 3.3 2.2 410 6.7 
4-5 90 256.8 171.2 2.8 1.9 521 5.8 
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(N) plus seismic loads, for the second stability check, a crack size of Lp is subjected to 1.4 (N+SSE) loads. 
Therefore it is necessary to calculate a critical crack size L, for these two cases. 

The stability of the postulated crack and design LBB criterion can be demonstrated if the two conditions are 
fulfilled simultaneously 

(3) 

where L,, and La are the critical crack sizes for (N+SSE) loads and 1.4 (N+SSE) loads, respectively. 

The UK two-parameter R6 procedure [9] and Moments Method [lo] were used for calculation of the critical crack 
sizes. In the first case Option 1, Category 1 (conservative assessment) was used. Taking into account a dependence 
of elastic fracture parameter KR on weld residual stresses CY,, value 0, is assumed as secondary 
axial stress being equal conservatively to 20% of yield stress 

Using Moments Method the analysis was made without reference secondary weld 
residual stresses because for a ductile material behavior it is postulated 
that the failure occurs when the effective primary stress at the relevant 
location produced by external loading (internal pressure, deadweight and SSE 
load) reached locally the flow stress of the material 0,. Conservatively 
thermal expansion stresses were taken into account in this calculation. The 
analysis was performed with flow stress value as the average of the yield and 
ultimate strengths. 

The calculation results are given in Table  7 .  The results made by the R6 
procedure using Opt.1, Cat.1 are more conservative than Moments Method ones. 
Both methods indicate that the crack stability criteria ( 3 )  are met for all 
welds. Critical cross-section is the site of steam generator-pipe connection in 
line No 4. So, for the R6 procedure the minimum stability margin (Lcl / L,) in 
this place for combined (N+SSE) load case is 2.1 and the margin for the 1.4 
(N+SSE) load case (Lc2 / Lp) is 1.1. 

5.  REQUIREMENTS FOR F'URTHEX WORK 

Research work undertaken in Russia last years has shown that it is not 
necessary to assume a full guillotine break in steamlines if the LBB behavior 
can be demonstrated with a sufficient confidence and if sufficient engineering 
procedures are in place. For the development of LBB safety case, it is 
necessary to take into account the degree and frequency of in-service 
inspection and environmental effects. The LBB case can be demonstrated by a 
range of experiments and tests on full size pipes with cracks. The tests would 
validate data on corrosion and crack growth resistance, crack initiation 
toughness and J-R curves for base and weld materials. In addition to these 
studies it is necessary to validate fracture mechanics and leak rate 
calculations. Consideration should also be given to assessment of 
detectability, sensitivity and accuracy of the LDS. Capability of the LDS 
should be assessed and validated in place for each advanced nuclear power 
plant. These activities and further tests are included in the current research 
program. 
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Abstract 

The leak-before-break (LBB) methodology is accepted as a technically justifiable approach for eliminating postulation 
of Double-Ended Guillotine Breaks (DEGB) in high energy piping systems. This is the result of extensive research, 
development, and rigorous evaluations by the NRC and the commercial nuclear power industry since the early 1970s. 
The DEGB postulation is responsible for the many hundreds of pipe whip restraints and jet shields found in 
commercial nuclear plants. These restraints and jet shields not only cost many millions of dollars, but also cause plant 
congestion leading to reduced reliability in inservice inspection and increased man-rem exposure. While use of leak- 
before-break technology saved hundreds of millions of dollars in backfit costs to many operating Westinghouse plants, 
valueimpacts resulting from the application of this technology for future plants are greater on a per plant basis. These 
benefits will be highlighted in this paper. The LBB technology has been applied extensively to high energy piping 
systems in operating plants. However, there are differences between the application of LBB technology to an operating 
plant and to a new plant design. 

In this paper an approach is proposed which is suitable for application of LBB to a new plant design such as the 
Westinghouse AP600. The approach is based on generating Bounding Analyses Curves (BAC) for the candidate 
piping systems. The general methodology and criteria used for developing the BACs are based on modified GDC-4 
and Standard Review Plan (SRP) 3.6.3. The BAC allows advance evaluation of the piping system from the LBB 
standpoint thereby assuring LBB conformance for the piping system. The piping designer can use the results of the 
BACs to determine acceptability of design loads and make modifications (in terms of piping layout and support 
configurations) as necessary at the design stage to assure LBB for the.piping systems under consideration. 
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1.0 INTRODUCTION 

The U.S. Regulatory requirements for postulated pipe ruptures have changed significantly since the first nuclear power 
plants were designed. The pipe rupture design requirements on nuclear power plants are responsible for numerous pipe 
whip restraints and jet shields associated with each plant. These pipe whip restraints and jet impingement barriers 
cause significant plant congestion, increased labor costs (in design, fabrication, installation and maintenance) and 
increased radiation dosage for normal maintenance and inspection. The pipe rupture design requirements have also 
influenced the design of compartments and subcompartments. 

Extensive research, development and rigorous evaluations by the NRC and the commercial nuclear power industry 
since the early 1970's resulted in the application of leak-beforebreak technology (JLBB) which involves a 
demonstration by analysis that the detection of small flaws, either by inservice inspection or by leakage monitoring 
systems, is assured long before the flaws can grow to critical or unstable sizes. Consistent with the development of the 
LBB technology, the NRC formally revised General Design Criterion 4, "Environmental and Missile Design Basis," in 
October 1987 [l] to permit the exclusion of dynamic effects associated with postulated pipe ruptures form the design 
basis when analyses reviewed and approved by the NRC demonstrate that the probability of fluid system piping rupture 
is extremely low under conditions consistent with the design basis for the piping. The LBB approach has been 
extensively used to eliminate postulation of breaks from the structural design basis of PWRs because of the safety 
benefits and economic benefits. 

2.0 ECONOMIC IMPACTS ASSOCIATED Wmr THE SAFETY BENEFITS 

The economic impacts associated with the safety benefits are highlighted in Reference 1 as follows: 

"For existing PWRs, considering primary coolant loops only, cost savings of $186 million and reduction of 34,000 
man-rem are estimated for a population of 85 PWRs. These figures do not include savings resulting from redesign of 
heavy component supports." The NRC further states, "Value-impacts resulting from this rule are greatest for future 
plants, where estimated costs can be reduced approximately $100 million per unit." The NRC determines the 
acceptability of the LBB applications and to assist licensees in implementation of the LBB approach, the NRC issued 
general acceptance criteria in the form of NTJREG-1061 Volume 3 [2] and proposed Standard Review Plan [3]. As 
stated earlier the LBB technology has been applied extensively to high energy piping systems in operating plants. 
However, there are differences between the application of LBB technology to an operating plant and to a new plant 
design. On a simplistic basis, for an operating plant the material, loads and leak detection systems are pre-existing 
prior to initiating LBB analyses. On the contrary, for a new plant design these parameters can be selected to enhance 
success of LBB applications. For an operating plant the LBB calculations are performed for an existing piping 
configuration with associated loads whereas for a new plant a method needs to be developed which will provide an 
acceptability of a piping system configuration prior to the design stage. The margins recommended in Reference 3 
must also be met. 
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3.0 APPROACH 

In this paper an approach is proposed which is suitable for application of LBB to a new plant design. The approach is 
based on generating Bounding Analysis Curves (BAC) for the "candidate" piping systems. The candidacy of the 
piping system is established [3,4] by ensuring that the piping system is not particularly susceptible to degradation due 
to Intergranular Stress Corrosion Cracking (IGSCC), Erosion-corrosion, Water Hammer and Low and High cycle 
fatigue. The material selected for the piping and the associated welds must have adequate toughness consistent with 
the method used for flaw stability evaluation. This paper concentrates on the loading aspects of the design. High 
material toughness is assured by selecting appropriate materials for the base metal and welds. 

The BAC allows for the evaluation of the piping system in advance of the final piping analysis, incorporating LBB 
considerations early into the piping design process. The LBB BAC is developed prior to the piping design and 
analysis and is used to evaluate critical points in the piping system. A minimum of two points are required to develop 
the BAC. Typically one point is selected to represent the low normal stress condition and the other point represents 
high n o d  stress condition. If any variation in pipe size, material, pressure and temperature occurs for a specific 
piping system, an additional BAC must be generated. The BACs are generated by incorporating the following 
margins: 

e Margin of a factor of 10 on Leak Detection CapabiliG 

0 Margin of a factor of 2 on flaw sue 

e Margin of a factor of fi on loads. This margin is reduced to 1.0 if the maximum loads are 
obtained by using the absolute load combination method. The latter criterion is used in this study. 

4.0 DEVELOPMENT OF BAC 

The applicable material strength properties are compiled for the candidate piping system. Specific steps of the 
evaluation are described below: 

e Using normal operating pressure, establish the applicable axial force Fp 

e Assume a low magnitude of Bending Stress 

e Calculate corresponding bending moment 

e Calculate the leakage flaw size which yields leakage of 10 times the leak detection sensitivity. The 
leak detection sensitivity of Westinghouse new generation PWRs (AP600) is 0.5 gpm. 

e Perform flaw stability analysis by keeping Fp constant and by varying the applied bending moment 
such that the critical flaw size is twice the leakage flaw size. 



Determine total normal stress and corresponding maximum stress and plot this information as point 1 
on the BAC. 

The same steps are performed for point 2. The variation between points results from the increase in 
the assumed bending stress and corresponding higher bending moment. 

The BAC is the straight line between points 1 and 2. For a smooth curvefit between these points, 
these steps can be repeated for intermediate levels of bending stress. 

Rgure 1 shows a typical BAC. 

5.0 LOADING COMBINATIONS FOR BAC 

Determine the highest maximum stress location which is identified as the critical location. 

Determine number of BACs needed for each analyzable piping system using the parameters of pipe size, pipe 
schedule, operating pressures and operating temperawes 

0 Determine load combinations for the maximum stress calculation by absolute summation method at the critical 
location 

IpI.essurel+ IDeadweightl + lThermal(lOO% Power)l + ISSEI 

Determine corresponding normal stress at the Critical location 

(1) Pressure + Deadweight + Thermal (100% Power) by algebraic summation method. 

Calculation of stresses 

The stresses due to axial loads and bending moments are calculated by the following equation: 

where: 

stress 
axial load 
bending moment 

section modulus 

- Q - 
- F - 

M - 
A - - cross-sectional area . 
Z - 

- 

- 



The bending moments for the desired loading combinations are calculated by the following equation: 
I 

where: 

M - - bending moment for required loading 
MY - - Y component of bending moment 
w =  2 component of bending moment 

The axial load and bending moments for the normal case and maximum load case are computed by using the 
loading components and methods shown above. 

6.0 TYPICAL RESULTS 

Using the steps of the BAC evaluation procedure described above, a typical bounding analysis curve is constructed as 
shown in Figure 1. This curve is constructed for a 254 mm (10) diameter pipe subjected to 15.50 MPa (2250 psia) 
pressure and 316OC (600OF) temperature. The normal operating stress and the maximum stress at the critical location 
can be plotted on the BAC to determine the LBB qualification. 

For example, in Figure 1, the stress level represented by point X qualifies the piping for LBB whereas the point Y 
does not meet the LBB criteria. 

7.0 CONCLUSION 

An approach is presented which is suitable for application of LBB to a new plant design. The approach is based on 
generating a bounding analysis curve for the candidate piping system. The BAC is developed independently fiom the 
actual piping design analysis. This feature is beneficial since the application of the BAC during the piping design 
layout phase permits optimization of design by eliminating unnecessary pipe whip restraints and jet impingement 
devices. The optimized design results in significant cost savings. 

Another benefit is decreased analysis time to the final design of piping systems. The BAC will allow rapid turnaround 
in modfiation of system configuration while satisfying the LBB criteria. If a system coaiguration does not satisfy 
the BAC, it is immediately clear that the configuration of supports or line muting must be modified to satisfy the 
curve. 
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DEFECT OCCURRENCE, DETECTION, LOCATION AND CHARACI'ERISATION; ESSENTIAL 
VARIABLES OF THE LBB CONCEPT APPLICATION TO PRIMARY PIPING 

S. CRU"IZN, T.D. KOBLE, P. LEMAITRE, K. TORRONEN 

1. INTRODUCTION 

Applications of the Leak Before Break (LBB) concept involve the knowledge of flaw presence and characteristics (1) 
(2). In Service Inspection is given the responsibility of detecting flaws of a determined importance to locate them 
precisely and to classify them in broad families. Often LBB concepts application imply the knowledge of flaw 
characteristics such as through wall depth, length at the inner diameter (ID) or outer diameter (OD) surface; 
orientation or tilt and skew angles; branching; surface roughness; opening or width; crack tip aspect. Besides 
detection and characterisation LBB evaluations consider important the fact that a crack could be in the weld material 
or in the base material or in the heat affected zone. Cracks in tee junctions, in homogenous simple welds and in 
elbows are not considered in the same way (3) (4). 

Figure 1 illustrates these essential variables of a flaw or defect and shows some examples of flaws found in primary 
piping as reported by plant operators or service vendors. 

If such flaw variables are important in the applications of LBB concepts, essential is then the knowledge of the 
performance achievable by NDE techniques, during an ISI, in detecting such flaws, in locating them and in correctly 
evaluating their characteristics. 

2. DETECTION OF JXAWS IN PIPING COMPONENTS 

2.1. Parameters for NDE effectiveness Dresentation 

Typical LBB concept applications consider or conclude that large cracks must be detected by means of routine NDE 
before growing to critical dimensions. Two parameters have to be considered to evaluate the detection capability of 
such flaws called large cracks: 

a. 
b. 

the length or, often, the circumferential extent of the crack (2c or DY) 
the depth of the cracks (a or DZ). 

In general, values considered are such that DY is larger than 20 degrees in piping and even more than 500 mm in 
pump casings. DZ is larger than 10% wall thickness (T) in several cases but considered up to 70% T in several 
experiments or evaluations (5) (6) (7). 

For NDE techniques based on ultrasonics, the circumferential extent of the crack looses its importance for detection 
when the crack length is of the order of the ultrasonic beam diameter. This happens with 2Omm long cracks. 



'Qpical IGSCCs found in a BWR primary piping weld 

Mechanical fatigue crack 
in a BWR primary piping 

Thermal fatigue crack (with starter notch) in 
a primary piping assembly 

Figure 1. Real flaws in primary piping 
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Assemblies 31 - 36 made of wrought steel (BWR type) 

Figure 2 PISC assemblies used for the primary piping and safe-end welds inspection procedures effectiveness 
assessment 
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The parameter to be used for presentation and discussion of NDE results is thus the flaw depth expressed as a 
percentage of the wall thickness 

Obviously variables such as crack type or family, crack position, crack tilt, skew angles can also be considered as 
parameters. 

During several NDT exercises, other parameters were used to quantify detection capabilities: the Flaw Detection 
Frequency, FDF, (for one procedure) or the Flaw Detection Probability, FDP (for one flaw considered by a large 
number of teams or techniques). Often Inspection Performance is used as well which means detection capability and 
acceptable evaluation according to the ASME XI criteria. 

Besides safety of detection, economy aspects were considered as well: false calls leading to rejection are the basis for 
a parameter called False Call Rate in Rejection, FCRR. 

To quantify skiing performance presentation pure skiing capabilities evaluations were often made which showed 
the measured sizes (in depth, DZ, and length, DY) compared to the reference. 
Moreover, for the assessment of the sizing performance for the depth and the length of the flaws a linear regression 
analysis was performed. From this the following parameters are obtained 
- slope of the regression line between the real flaw length (depth) and the measured one 

intercept of the regression line with the Y-axis 
correlation coefficient, calculated for the regression line. 

- 
- 
Also the RMS (Root-Mean-Square) error was used to assess the sizing performance. 

2.2. 
2.2.1 The exercise 
Within the framework of Action 4 of the third phase of the Programme for the Inspection of Steel Components PISC 
III) three capability studies on stainless steel welded assemblies (Figure 2) have been conducted (8) (9) (10). The fnst 
capability study used a series of 6 wrought-to-wrought stainless steel assemblies that contained a number of flaws 
such as intergranular stress corrosion cracks, mechanical and thermal fatigue cracks and PISC type A flaws. The 
second capability study used two wrought-to-cast austenitic steel assemblies that contained lack of fusion flaws and 
PISC type A flaws. The third capability study used three cast-to-cast austenitic steel assemblies that contained lack of 
fusion flaws, mechanical fatigue cracks and PISC type A flaws. In total more than 25 teams from 10 different 
countries participated. Much information was obtained on the performance of the inspection techniques used with 
respect to detection, false calls, depth and length sizing. Different flaw categories were considered to identify those 
difficult to detect. Furthermore, an analysis at the level of techniques was performed which identified some of the 
more effective techniques and procedures. 

PISC III detection results of the ~rimarv p iping welds insuection 

Several fabrication processes were used to introduce the flaws. Special attention has been devoted to the zones where 
different teams reported false calls. 

2.2.2. Welds of Wrought Stainless Steel Rue Sections 
The six wrought-to-wrought assemblies (diameter 320 mm) are shown in Figure 2. These piping assemblies are 
typical of Boiling Water Reactor (BWR) primary piping. 
The type of material used was wrought AIS1 304. The wall thickness of the tubes varied between 10 and 25 mm. In 
total 26 flaws were introduced of which 12 are intergranular stress corrosion cracks (IGSCCs) amongst which 5 are 
of the complex type each comprising several branching cracks with separate openings to the surface, 4 fatigue cracks, 
7 PISC type A flaws, 2 embedded notches and 1 lack-of-weld root penetration. Most of the flaws were close to either 
the weld root or the counterbore. 

Figure 3 shows the detection performance versus the false call performance for the wrought-to-wrought assemblies. 
In this type of representation the optimum performance is located in the upper left corner (CRF 2 0.8, FCRR 5 0.2). 
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Half of the teams detected more than 75% of all the flaws present. Furthermore all flaws above 7 mm in depth were 
detected with an FDP equal or larger than 0.9. These results show that the detection peiformance in general was 
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significant difference in performance for detection or false calls between the IGSCCs and the non-IGSCCs flaws. 
The evaluation at the level of individual techniques provided useful insights into how best to inspect these stainless 
steel components and welds (6). 

2.2.3. 
The second capability study deals with cast-to-cast welded assemblies (Figure 2). These assemblies are typical of 
PWR primary piping. 
They contained mechanical fatigue cracks, PISC type A flaws (EDM notch), lack of intemn fusion flaws and side 
drilled holes (SDH) filled with weld material simulating lacks of sidewall fusion. 

Welds of Cast Stainless Steel Pipe Sections 

These assemblies contained mainly two different grades of centrifugally cast stainless steels obtained from two 
different heats of the same manufacturer. Equiaxial and columnar structures were considered. 

mgure 3 snows aetecuon perrormance versus rase c a ~ ~  perrormance ror me cast-to-cast assemtmes. Note agam mat 
in this type of representation the optimum performance is located in the upper left comer. Good performance appears 
possible. The better teams all used mechanised scanning equipment and worked at noise level. 

Detection of flaws as a function of the through wall extent is given in Figure 6. 

iecnniques nave to oe seieclw ana comumw to consntute an errecnve proceaure as inaicatea DY ulls rix. exercise 
(10). 



t 
0.8 

8 

E 0.6- 

n 
c 
c - 2 0.4 t 

s 
0 
.a 

02-- - - - - - - - , -  - - -, - - - ,  - - - - 
I I I I 

I I I 

0.4 
0 02 0.4 0.6 0.8 

false call porfonnaneo 

Figure 5: Inspection performance = Detection performance (safety aspects) versus false calls (economical aspects) on 
a team-by-team basis for the austenitic cast-to-cast assemblies 
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Figure 6 Haw Detection Probability (FDP) as a function of the through wall extent of the flaws given in % of the 
wall thickness for the cast-to-cast assemblies 

2.2.4 
The assembly shown in Figure 2 weighed 5750 kg which created some difficulty in handling. The assembly was 
nearly 3 meters long and 1 meter in diameter. The outer diameter of Assembly 51 was 937 mm. The wall thickness 
varied between 70 and 82 mm. Eight teams from 7 different countries participated in the Round Robin Test. The 
assembly contained 11 PISC type A flaws (EDM notches) and 4 internal lack of fusion flaws distributed over the two 
welds. Most of the flaws were located either in the weld material or in the heat affected zone (HAZ). 

Welds of Cast and Wrought Stainless Steel Pipe Sections 

Figure 7 shows detection performance versus false call performance for the wrought-to-cast welds. Note again that 
the optimum performance is located in the upper left comer. The better teams worked at noise level and two of these 
3 used mechanised scanning equipment. 

The false call performance was very good. Most teams made only a few false calls. One team however, performed 
badly. 

As shown in Figure 8, the detection performance for the rejectable flaws (through wall extent larger than 10% of the 
wall thickness) was very good. 70% of the teams detected them all. 
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The following flaws were difficult to detect 

- lack of interrun fusion 
- EDM notches (PISC type A) present in the HAZ of the statically cast stainless steel 

filled SDH’s to simulate lack of sidewall fusion. - 
Again, several techniques are necessary to reach good detection of the different types of flaws located in different 
positions (9). 
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Figure 7: Inspection performance = Detection 
performance (safety aspects) versus false call 
performance (economical aspects) on a team- 
by team basis for the austenitic wrought-to- 
cast assemblies 

Figure 8: Flaw Detection Probability @TIP) as a 
function of the through wall extent of the flaws 
given in % of the wall thickness 

2.3. 
Three safe-end specimens were made available for the RRT. As a rule, drawings, materials and manufacturing 
procedures typical of the nuclear industry were used for the fabrication. All nozzle ends were stainless steel cladded 
and Inconel buttered, and all dissimilar metal welds were made from Inconel (11) (12) (13) (14) (Figure 2). 

PISC 111 Detection Results of Safe-Ends Areas Inspection 

A total of 25 flaws had been intentionally introduced in the three assemblies (total of four safe-ends): 3 in the 
thermal sleeve area, 13 in the dissimilar metal welds and 9 in the homogenous welds. As the depth dimensions 
ranged from 10 to 50% of the wall thickness, only few of them were acceptable according to ASME XI article IWB- 
3514 (13). No flaw was intentionally introduced in the dissimilar weld nor in the homogenous weld of one safe-end. 

Most flaws were planar reflectors, located close to the inside surface, and oriented perpendicular to it or parallel to 
the fusion lines, to simulate service-induced cracks. Also some sub-surface crack-like reflectors and some fabrication 
flaws, such as slag inclusions, were considered. 

All flaws were fully certified to allow for a reliable assessment of the inspection capability. The certification process 
revealed additionally a number of unintended manufacturing flaws. A total of 47 reference flaws was recorded for the 
evaluation of the inspection data. Their characteristics and distribution make the specimens as a reasonable set for a 
performance demonstration test. 

Figure 9 illustrates the average results obtained by all participating teams. Only a few of the teams reach a flaw 
detection frequency of 80%, whereas a signifcant number of false calls are reported. ’ 
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Correlation between the inspection sensitivity and its capability is found in all cases. 

a 

0.8 - 

During the round robin tests, access was allowed to the inner surface of the PWR-like safe-end. Four teams submitted 
data collected from this side only. Three of the four procedures applied from the inside were based on immersion 
focusing transducers; this procedure family demonstrated high inspection capability (Fig.9). 
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Taking all teams into consideration, Figure 10 shows the average probability of detection for each flaw, as a function 
of its depth dimension. Distributing flaws among categories, on the basis of their location and morphology, leads to 
the conclusion that the reflectors located in carbon steel or in wrought austenitic steel, far enough from welds, are 
much better characterised than those neighbouring or embedded in fused material. 
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Figure 10: Flaw detection probability as a function of flaw depth in the PISC safe-end components. 

Seemingly, flaws extending within the welds or along the safe-end fusion lines appear most difficult. Furthermore, it 
turns out that the detection of reflectors smaller than 2 mm (Le. about 5% of the wall thickness) lies beyond the reach 
of today's common technology. This observation is confirmed by additional measurements done by some teams after 
the RRT. 
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2.4 
For cast primary piping and cast-to-wrought steel welds, the detection performance of one team that used X-rays was 
very good (detection rate higher than 0.8). However, a relatively high number of false calls was made. The length 
sizing performahce was also better than that of most of the teams which used ultrasonic techniques. 

PISC III results relative to flaw detection using Radiographic Techniaues 

During the exercise on safeends, two teams provided radiographic inspection results, obviously with no depth sizing 
on a PWR type assembly. The flaw detection capability is similar to the average UT performance, but with a higher 
false call rate. In addition, it can be noted that the Same flaws proved to be difficult for X-ray and ultrasonic testing. 

It is to be noted that the Reference Laboratory of PISC inspected all assemblies of PISC in view of flaw certification 
and subsequent destructive examination. All flaws were detected except some acceptable ones (much less than 10% 
wall thickness). RL techniques, even if using industrial equipment, tend to reach maximum performance levels due 
to: - preknowledge of defective areas characteristics 

parametrisation of the RT techniques 
set up of the most sensitive techniques for each particular case 
no time limitation for inspection and films examination. - 

3. SIZING OF FLAWS IN PIPING COMPONENTS 

3.1. Sizing of Flaws in Primarv Piping using Ultrasonics 

3.1.1. Wrought Stainless Steel Piping Components 

The assemblies and flaws described in 2.2. were used for the sizing exercise. Figure 11 shows the NDT measured 
flaw depth as a function of the real flaw depth for all flaws and teams. The large scatter between real size and NDT 
measured size shows clearly that the depth sizing performance was poor. In Figure 12 the slope of the regression line 
between NDT measured flaw depth and real flaw depth and the corresponding correlation coefficient are shown for 
all teams. A team can be considered to have a satisfactory depth sizing performance if the slope and the correlation 
coefficient is greater than 0.7. Figure 12 shows that only 4 teams were in this case. This confirms that the depth 
sizing performance in general was poor, though it should be stressed that some teams did well. These teams all had 
in common that they were able to detect crack tip diffraction. 

1 

M 

$ a6 1 a4 

d 
3 -  

0 

0 I O  40 (0  I O  too 42 

mIll4ud.p(hInXweIImlokneer I.m@U*ddZdlWS) 

Figure 11: NDT measured flaw depth: 
Results for all teams and all flaws of 
the wrought-to-wrought capability 
study 

Figure 1 2  Regression analysis to quantify the depth 
sizing performance for the wrought-to-wrought 
assemblies: slope and correlation coefficient for the 
different teams. The number of flaws considered for 
each team is given in brackets. 



Figure 13: NDT measured flaw length. 
Results for all teams and all flaws of 
the wrought-to-wrought capability study 

Figure 14: regression analysis to quantify the length sizing 
performance for the wrought-to-wrought assemblies: slope 
and correlation coefficient for the different teams. The 
number of flaws for each team is given in brackets. 

Figure 13 shows the NDT measured flaw length as a function of the real flaw length for all flaws and all teams. The 
scatter is smaller than that for depth sizing showing that the performance for length sizing in general was better than 
that for depth sizing. The results of the regression analysis are shown in Figure 14. 

3.1.2. 
Cast steel welded assemblies and cast and wrought steel welded assemblies were used to generate sizing performance 
evaluations as well. In general, performance in depth sizing is poor and correlation coefficients defined here above 
remain lower than 0.5 (0.3 is average). Length sizing was poor in cast steel assemblies where the correlation 
coefficient defined here above remained as low as 0.5 in the best cases. It is to be noted that one team performed well 
on the two welds of Assembly No. 51 using focusing probes. 

Cast Stainless Steel Piping Components 

3.1.3. SafeEnds 
Sizing capability in safe-ends is comparable to the one found in wrought stainless steel assemblies. Regarding the 
capability of flaw sizing in the through-wall direction, a slight tendency to oversize appears, on average, but the 
standard deviation is comparatively large. The overall dispersion of the sizing error is of the order of +/- 5 mm, as 
for the wrought steel piping. 

Sizing in length was also better than depth sizing in the case of safe-end assemblies as was the case for the piping 
assemblies. 

3.1.4 
Length sizing with RT produced better results than the sizing of length with UT, but only 3 data sets are available. 

S i z i n g  in Length with Radiograuhic Techniaues 

3.1.5. Exuerts Declarations 
A comparison was attempted between the actual flaw distribution and that reported by a virtual inspector matching 
the average performance of all teams (Figure 15). Disregarding the very small flaws, the total number of declared 
indications is roughly correct ; the actual peak in the range of 25 to 35% of the thickness is however flattened by the 
flaw sizing error. 
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Figure 15: Comparison of depth size (size is given in % of wall thickness) distribution in all PISC Safe-end 
assemblies as obtained by (The diagram gives the number of flaws for a different depth intervals): 
- destructive examination (Reference flaws) 
- NDE and expert evaluation (Team flaw) 
Critical size defects are apparently undersized. 

4. ERROR OF LOCATION OF FLAWS. 

Ultrasonic testing does not locate flaws in a perfect manner due to the principle of the techniques. Error of location 
of a circumferential flaw happens in the axial direction. If no clear geometrical indication is obtained as a reference 
from the weld root or from the counterbore extremities flaws can be mislocated of about +/- 5 mm as shown by the 
diagramme in Figure 16 for one of the most clean assembly made of wrought stainless steel and for a wall thickness 
less than 30 mm. In cast stainless steel, with wall thickness of more than 70 mm, this uncertainty reaches about +/- 
10 mm, also in the axial direction (10). 
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Figure 16 Flaw detection probability as a function of the tolerance on defect location 

5. FLAWS CHARACTERISATION 

NDE techniques are rarely effective for flaw characterisation. In PISC, inspection teams were asked to declare that a 
flaw was a crack or not. Generally, in the context of the exercise, declaring crack was often successful due to a 
conservative attitude. Procedures for flaw characterisation were however not found in the inspection process 
description. 



6. OCCuRReNCE OF FLAWS 

Presence of flaws in primary piping was often revealed by plant operators and inspection companies. Reports were 
written about IGSCCs, fatigue cracks and erosion corrosion. Figure 1 illustrates some of these flaws. 

However few full metallurgic expertises were made which describe the defects and relate them to the NDE results 

During the destructive expertise of components fabricated for I b E  effectiveness evaluation exercises (Figure 21, 
flaws were found which were of planar type and reached up to 10% of the wall thickness. Such flaws were almost not 
detected by UT or by RT. The certainty that flaws are introduced by manufacturing and by service and the uncertain 
detection of them if the depth is less than 20-30% of the wall thickness implies that components could exist with 
defects of that range of depth. 

' (15). 

7. CONCLUSIONS 

In the context of flaw detection, sizing and characterisation for the LBB evaluation it seems reasonable to state the 
following: 

- Procedures exist for effective detection of flaws in primary piping of nuclear reactors if such flaws are 
deeper than 30% of the wall thickness and have a length of 20 mm to 50 mm or more. 

- Depth sizing of cracks is possible with well established procedures in wrought austenitic steel components. 
Uncertainty of +/- 3 mm is a good performance. 

- Depth sizing of flaws in cast austenitic steel components is unsafe and rare good results appear to depend 
very much on the skill of a few experts. 

- Length sizing of flaws is effective in all cases of material combinations, taking into account the tolerance 
accepted by an LBB evaluation. 

- The difficult defects to detect remain the circumferential and axial IGSCC's and complex defects in the 
weld material. 

- The large scatter in the data, in particular when one identical procedure is used by several teams, shows the 
potential danger of error and the necessity for a well managed and full quality controlled inspection. 

- No substantial difference exists between detection and sizing of flaws in homogeneous welds and trimetallic 
welds (safeends). 

Classification of flaws in cracks and non cracks is often successful'in wrought steel but no procedure, based 
on industrial techniques, was validated to date. 

- Location errors that could displace defects from 10 mm away from their real location are frequent. 

Occurrence of defects is real but few cases were fully expertised. Fabrication of test assemblies revealed the 
unexpected presence of planar flaws at the h i t  of acceptance. Their uncertain detection reinforce their 
probability of presence in austenitic steel piping welds. 
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CRACK SHAPE DEVELOPMENTS AND LEAK RATES FOR CIRCUMFERENTIAL 
COMPLEX-CRACKED PIPES 

B. Brickstad, M. Bergman 
SAQ Inspection Ltd, P 0 Box 49306 S-100 29 Stockholm, Sweden 

ABSTRACT 
A computerized procedure has been developed that predicts the growth of an initial circumferential surface crack 
through a pipe and further on to failure. The crack growth mechanism can either be fatigue or stress corrosion. 
Consideration is taken to complex crack shapes and for the through-wall cracks, crack opening areas and leak rates are 
also calculated. The procedure is based on a large number of three-dimensional finite element calculations of cracked 
pipes. The results from these calculations are stored in a database from which the PC-program, denoted LBBPIPE, 
reads all necessary information. In this paper, a sensitivity analysis is presented for cracked pipes subjected to both 
stress corrosion and vibration fatigue. 

INTRODUCTION 
The LBB-procedure described in this paper differs from the widely used concept expressed by USNRC in [l]. The 
starting point in [l J is to postulate a through wall crack of a simple shape and show that such a crack would lead to a 
detectable leak before failure. Thus the development of the crack before wall penetration is not considered. Usually a 
condition for using the procedure in [ll has been to exclude all degradation mechanisms such as stress corrosion or 
fatigue. In the procedure described in this paper the starting point is a surface crack (postulated or real) and a growth 
mechanism of fatigue or stress corrosion is considered. This procedure is more suitable when it is desired to 
investigate leak before break for real defects detected during inservice inspections in pipe systems. 

LEAK BEFORE BREAK PROCEDURE 
Here it is assumed that linear elastic fracture mechanics (LEFM) conditions prevail for the subcritical crack growth so 
that the stress intensity factor KI can be used to describe the growth. This assumption implies that KI can be 
calculated using the principle of superposition which states that the stress state due to two or more loads acting 
together is equal to the sum of the stresses due to each load acting separately. As a consequence of this, KI can be 
calculated with respect to the elastic uncracked body stress state by applying the stress state as a pressure on the crack 
face. Note that the redistributions of stresses that occur due to the presence of a crack, growing or non-growing, does 
not imply that the principle of superposition for calculating KI is invalid. This fact has been pointed out by Parker [2] 
for fatigue crack growth and demonstrated by Quinones and Reaugh [3] for stress corrosion crack growth. 
At wall penetration of the surface crack and at final failure of the pipe plasticity are likely to be significant. Here it is 
assumed that criteria based on non-linear measures such as the J-integral and limit load are able to describe when these 
events occur. 

&gl3 1. mwth  0 f a  surface crac k 
The surface crack is assumed to have a semi-elliptical shape as shown in Fig. 1. The crack front is described by a 
cylindrically transformed ellipse with the parameters a and 2c as the depth and length of the crack, respectively. Both 
experience and experiments, Nam et al. [6,71 for fatigue cracks and Yagawa et al. [4] for stress corrosion cracks, 
indicate that the elliptical shape is reasonable for the crack growth mechanisms studied here. However, it is recognised 
that an initially semi-elliptical crack may during growth tend to deviate from its elliptical shape while the stress 
intensity fxtor solutions only are known for successive elliptical cracks. To overcome this problem a special 
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procedure by Nilsson [5] is used that fits the arisen crack shape to an assumed shape. The procedure is described in 
more detail in the paper by Bergman and Brickstad [SI. 

Fig. 1. Description of surface and leaking crack geometry. 

&ge 2. wall Denetration 
After some time of growth the surface crack penetrates the pipe wall and leakage occurs. This is assumed to rake place 
if either ductile crack growth or plastic failure of the ligament is predicted, i.e. 

J2& or P l p ~  

Since materials used in nuclear piping usually show a high degree of ductility, the last relationship is believed to be 
the most limiting one. For simplicity reasons, J is estimated according to the option 1 type analysis of the R6- 
method [9]. 

where the second fraction on the right hand can be interpreted as a plasticity correction function based on the limit load 
PL for the linear elastic value of J determined by KI.  Here PL is a so-called local limit load solution by Sattari-Far [lo] 
which predicts when a limited region of the ligament yields assuming an elastic-perfectly plastic material behaviour. 
Account is taken for materials that show a significant strain-hardening by defining the yield strength as the flow 
stress, here set to the mean value of the yield and ultimate tensile strength. 
Since the validity of the stress intensity factor and limit load solutions are limited, wall penetration is also assumed to 
occurif 

a20.9t (3) 

The surface crack is recharacterised to a through thickness crack with a shape as shown in Fig. 1 if either one of the 
conditions given in Eqs. (1) and (3) is fulfilled. The crack front of the leaking crack is described by a cylindrically 
transformed straight line with the parameters 2a1 and 2a2 as inner and outer crack length, respectively. The 
experiments reported in [4], [6] and [7] indicate that this shape is reasonable for leaking fatigue and stress corrosion 
cracks. Immediately after wall penetration, the crack is assumed to have the dimensions 

2ai = surface crack length 2cjust before wall penetration, 2al = min(2t, %1/4) (4) 
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The value of 2a; is somewhat arbitrarily defined in order to ensure a sufficiently small outer crack length at wall 
penetration. If compared to the results by Nam et. a2 171, the assumption seems reasonable (see Fig. 4). 
Ductile crack growth may occur at the pointed ligament towards the outside of the pipe that arises for small values of 
the ratio d/a;. If this is the case, the inner crack length is kept fixed and the outer crack length is gradually expanded 
while a quasi-static check is made if the crack becomes arrested, i.e. i f J  falls below J I ~  for a crack with a larger outer 
crack length. The arrest crack size defines the initial size for the continuing subcritical crack growth of the leaking 
crack As for the surface crack, J is estimated by the R6-method but here a so-called global limit load solution which 
predicts when the net section yields is used instead. The limit load solution is given in [8]. Here as well as in other 
parts of the procedure when initiation of ductile crack growth is analysed, it would be possible to take J controlled 
crack growth into account by use of an appropriate JR-curve. But for simplicity reasons, this has not been utilised. 

Calculation of 
mass leak rate 

SQUIRT 2.2. 

4 using + 

3. prowth of a leakin? crack to final failure 
The initial geometry for this stage is given by the above criteria The subcritical crack growth is continued until final 
failure of the pipe is predicted. This is judged to occur if either ductile crack growth is initiated and the crack growth is 
non-arresting, or if plastic failure of the net section is predicted. 
At this stage also the crack opening areas (COA) at the in- and outside of the pipe are calculated. Together with 
information about the internal pressure, temperature, fluid and crack surface properties, COA is used to calculate the 
mass leak rate through the crack 
Situations may occur where the time between a detectable leakage and final failure is to short or the leakage to small 
to be detected before final failure. These two situations are identified by the procedure and although LBB occurs, it is 
not possible from a practical point of view to take credit of LBB. Small mass leak rates occur if the crack grows in 
such a fashion that the crack length on the outside becomes substantially smaller than on the inside, or if the 
distribution of the weld residual stresses leads to crack closure. Here, crack closure is assumed to occur if K1 becomes 
negative which is a reasonable assumption for stress corrosion cracks or for fatigue crack growth at high R-values as 
is the case for vibration fatigue (R = K p / K r ) .  Aspects of fatigue induced crack closure due to plasticity are not 
considered. 

Calculation 
OfCOA. 

NUMERICAL TECHNIQUE 
In this section the numerical realisation of the procedure which resulted in a computer program denoted LBBPIPE will 
briefly be discussed. Further information can be found in [SI. A basic flow chart of the procedure is shown in Fig. 2. 

Database Ki - leaking crack. I I' Database 4 - 
surface crack. 

Input. 1 
Results E 

Estimation of Estimation of 
Recharacterisa - subcritical crack subcritical crack 

growth Check 
of conditions for 

1 growth. Check 1 t i o ~ r ~ O ~ ~ ~ ~  H 
of conditions for 
wall penetration. final failure. leaking crack. 

Database COD 

Fig. 2 Flow chart of the LBB procedure 



Required input data are the dimensions of the pipe and the initial crack, material data as fracture toughness, elastic 
modulus, yield and ultimate tensile strength, loads expressed as the elastic stress state in an uncracked pipe divided into 
an axisymmetrical stress distribution through the thickness and global bending stresses, type of subcritical crack 
growth law and the value of its parameters and finally data needed for the mass leak rate calculations as fluid and crack 
surface Properties, internal pressure and temperature. 
As mentioned before the estimation of subcritical crack growth is done with a special procedure for approximate 
description of growth of cracks with complex shapes by Nilsson [51, During this process, the conditions for wall 
penetration, recharacterisation and final failure as described before are checked for. Next for the obtained sizes of the 
leaking crack, COA at the in- and outside of the pipe are calculated by integrating the crack opening displacements 
(COD) and from that the mass leak rates are evaluated. The mass leak rate is calculated with a somewhat modified 
version of the program SQUIRT [ll]. Results are presented in a tabular text and a special program can also be used to 
display how the crack size, crack opening area and mass leak rate vary as a function of time. 
The database of K1 and COD was generated with the finite element method using the program ABAQUS 1121. A total 
number of 47 surface crack and 56 leaking crack geometry configurations were analysed. Three dimensional solids 
elements were used in the calculations and specific mesh generators were utilised that made the modelling more easy. 
In all cases, the pipe dimension ratio, R&, was fixed to 8.6 corresponding to the dimension of the main circulation 
pipes in Swedish BWRs. The procedure may be used for moderately deviations from Rdf = 8.6. Within the range of 
the database, inteqolation is used to determine KI and COD for an arbitrary geometry configuration. 
Each geometry configuration was subjected to six different load cases (i = 0, 1, ... , 5) in form of elastic stress 
components, Oi, in the axial direction of an uncracked pipe. The first four components describe a third degree 
axisymmetrical stress distribution through the thickness according to 

where cis equal to a for a surface crack and to t for a leaking crack. The last two components describe global bending 
stresses with respect to the x and y axes (see Fig. 1) according to 

X a= 0, *- +a,-- 
R , + t  R i + t  (9 

The load cases considered make it possible to analyse complex weld residual stresses in IGSCC cases as well as 
bending arbitrarily oriented with respect to the location of the crack in vibration fatigue cases. According to the 
principle of superposition, the load cases were in the finite element models applied as pressures on the crack face. This 
was realised with the user subroutine DLOAD in ABAQUS which makes it possible to define arbitrary pressure 
distributions on element faces. Again, a more extensive presentation of the numerical technique as well as a 
comparison of the obtained KI- and COD-solutions with other published solutions, are given in [8]. 

The experiments by Nam et. al. [6]-[7] can provide some verification of the crack growth predictions in LBBPIPE. 
Fig. 3 shows a comparison with a fatigue experiment on a large plate (width 200 mm, thickness 12 mm) subjected to 
cyclic tension loading. Fig. 3 shows the crack growth after wall penetration. The size of the initial half-elliptical crack 
was ag = 6 mm and 2co = 60 mm. 2 q  and 2u2 represent the front and back surface crack length, respectively. In this 
case the membrane loading promotes a uniform crack shape after breakthrough. Note that both the initial size of the 
breakthrough crack and the subsequent growth are fairly well predicted by LBBPIPE. 
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Fig. 3 Comparison of LBBPIPE with a fatigue Fig. 4 Comparison of LBBPIPE with fatigue 
experiments in [7] at wall penetration. crack growth experiment [6]. 

Fig. 4 illustrates how well the wall penemtion condition in LBBPIPE compares with fatigue experiments reported by 
Nam et al [7]. In [7] the front surface crack length 2 q  and back surface crack length 2422 at wall penetration were 
recorded for a number of fatigue experiments on halfelliptical surface cracks in plates with different cyclic membrane 
and bending stresses. In light of these results the assumption in LBBPIPE from Eqn. (4) seems to be reasonable. 
However, further experimental verifications as well as analytical studies should be performed to establish the crack 
shape at wall penetration. 

NUMERICAL EXAMPLES 
Stress corrosion 
In this section the LBBPIPE-program is applied to a pipe containing a circumferential stress corrosion crack with 
initial size (ao, 2 4 .  The following data define the first example. 

Geometry: a0 = 7 mm Material: SMAW in a TP-304 stainless 
2co = 70 mm 
t =  35 mm 

steel pipe. 
Rp0.2 = 133 MPa, base material 
Rm = 438 MPa 
Sm = 120 MPa 
JrC = 0,168 MJ/m2 (weld) 

Ri = 300 mm 

Crackgrowthdata: Loads: Internal pressure 7 MPa at 285 "C 

df 

Global bending stress 30 Mpa 
Non-linear weld residual stress from Ref. [ 131 
with 207 MPa (30 ksi) at inner pipe surface 

= 2,0740 -13 KI 2,161 

The above pipe dimensions correspond to a main circulating pipe system in a Swedish BWR. Recommended values 
by Battelle [ll] for stress corrosion cracks are used for fluid and crack surface properties in the mass leak rate 



calculations. The resulting crack growth as predicted by LBBPPE is shown in Fig. 5 for both the surface crack and 
the leaking through wall crack. Due to the high residual stresses along the inside of the pipe, the crack is growing 
faster in the length direction. Leakage is predicted after approximately 124 OOO hours (14 years). The leaking crack in 
Fig. 5 is then growing circumferentially until failure is predicted after approximately 164 OOO hours (19 years). The 
pointed form of the leaking crack raises KI at the outside of the pipe which here means that after breakthrough the 
crack front will tend to a more uniform shape. c 

hours 

Fig. 5 Estimated successive crack shapes as function of time for a growing stress corrosion crack. 

12 c l4 f. 
1200 1 1  

1 U 

c 800 

600 c 
8 4001 200 

O L  
0.7 

- Outside of pipe - Inside of pipe 

0.7 0.8 0.9 1 
f/ffail 

- Outside of pipe - Inside of pipe 

0.8 0.9 1 
f/ffail 

I 

10 - -. 
n 

AL 

B 
6 -  

2 -  

0.7 0.8 0.9 1 
f/ffail 

Fig. 6-7 COA and leak rate as function of normalised time for the IGSCC-case. 



Fig. 6-7 show the crack opening area COA and the calculated leak rate, respectively, as function of time. The time is 
here normalised with respect to the predicted time to failure yan. 
Due to the limited crack opening area at the outside of the pipe at breakthrough, the leak rate is very small at the 
beginning, only 0,012 kg/s at wall penetration which is difficult to detect. As the crack grows, the COA and the leak 
rate will increase. Just before fracture, the calculated leak rate is 13,O kg/s. By considering the time between fracture 
and when the leak rate is judged to be detectable, an assessment of leak before break can be made. These kind of 
analyses are very instructive to obtain information of possible events when growing cracks are a concern in piping 
systems. For instance if the global bending stress is zero in the above example, the compressive weld residual stress 
in the center of the wall thickness will reduce the crack growth in the depth direction and instead the crack may grow 
along the entire circumference. Under such circumstances, leak before break cannot be ensured. 
To further investigate the loading effects on LBB, a sensitivity analysis has been performed for different pipe 
dimensions. In Fig. 8 the Time between Detection and Break (TDB) is plotted versus load factor for different leak rate 
detection levels d. Fig. 8 considers the same pipe as in the above example (670 x 35 mm) with a non-linear weld 
residual stress distribution and in all cases starting with a surface crack of depth 7 mm (20 % of the thickness) and a 
crack length of 70 mm (10 times the crack depth). The load factor is defined as (Pm+Pb+P,)/sm, i e the sum of 
primary membrane and bending stress together with the thermal expansion stress, all normalized with Sm. Pm is due 
to the internal pressure only and P b  is here set to zero which means that the variation of the load factor is entirely due 
to the variation in Pe. A variation of P b  would not influence the times to leakage or failure much even if the leak rate 
at failure would be lower due to smaller cmk geometry at failure for a higher portion of Pb. 

- d4.0001 
d4.1 kg/s - da .3  kg/s 

- 3 104 El 
8 
B 2 1 0 4  

1104 

0 loo 

No le& or break 
within crack growth 

0 0.5 1 1.5 

Load factor 

Fig. 8 TDB for a 670 x 35 mm pipe with 2co/ao = 10. 
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Fig. 9 TDB for a 670 x 35 mm pipe with d=0.1 kg/s. 



From Fig. 8 it is observed that for larger loads the TDB is decreasing. It is true that large loads give a relatively fast 
leakage, but these large loads also &e a fast propagation of the leaking crack which means that the TDB will also be 
small. On the other hand, small loads tend to promote crack growth in the circumferential direction (due to the large 
tensile residual stresses at the inside of the pipe). When such a crack eventually breaks through the thickness, the 
resulting leaking crack will be very large and thus the TDB will be small. However, the total time for such cracks to 
grow fiom a small surface crack to failure of a leaking crack will be very large, several decades with the assumed crack 
growth data. For even lower loads in Fig. 8 it is indicated that no leak or break occurs within crack growth of half the 
pipe circumference, which represents the limit of the database for KI in LBBPIPE. It is also clearly seen the effect of 
the different detection limits d. Being able to detect a small leak rate will give a higher margin in time between 
detection and break. The smallest leak rate of 0,OOOl kg/s is included to give an idea of the time between leak and 
break which would be the margin if even the smallest leak rate could be detected. In general the TDB is satisfactory 
large for the large diameter pipe in Fig. 8 provided that the initial crack length 2co is not extremely large in 
combination with very high load factors. This is illustrated in Fig. 9 where a variation of the initial crack length has 
been performed while keeping the initial crack depth constant at 7 mm. A long initial crack length will result in a 
large crack size at wall penetration, especially along the inside of the pipe, which reduces the TDB. This reduction is 
most significant for the combination long initial crack lengths and large load factors. 
The same type of analysis has also been performed for other pipe dimensions. Fig. 10-1 1 show the TDB as function 
of load factor for a 324 x 17.5 mm pipe and a 88.9 x 6.3 mm pipe. These pipe dimensions correspond to a feedwater 
pipe system and a cooling system for a shut-down reactor in Swedish BWR:s, respectively. Both cases are starting 
with a surface crack of depth 20 % of the thickness and a crack length of 10 times the crack depth. The weld residual 
stresses, however, are different from the large diameter case. In Figs. 10-1 1 the weld residual stresses are assumed as a 
pure bending stress through the thickness of the pipe with magnitude +207 MPa at the inside and -207 MPa at the 
outside of the pipe. This is in accordance with the recommendations in [ 131 for thin-walled pipes. 
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For a small diameter pipe, all leak rates decrease drastically due to pure geometrical reasons. However, the time to 
leakage or failure does not change significantly provided the stress state is unchanged. Even if the stress intensity 
factor decreases for a shorter crack length, the crack will experience a shorter absolute length to grow compared to a 
corresponding crack in a large diameter pipe. The time between detection and failure (TDB) will however be smaller for 
a small diameter pipe, regardless of the weld residual stress distribution. Otherwise, a small diameter pipe usually 
implies a change towards a more linear residual stress distribution through the wall thickness, which tend to decrease 
all times to leakage and failure. Figs. 10-11 demonstrates how the TDB is smaller for successively smaller pipe 
dimensions for all realistic detection limits. Note also that for common values of the load factor in Figs. 10-11, crack 
closure will occur at wall penetration along the outer pipe surface. This is due to the compressive residual stresses at 
the outer pipe surface which implies that initially the through-wall crack will have zero or a very small leak rate. 
Eventually when the crack has grown to a sufficient length along the inside of the pipe, crack growth starts also along 
the outside and the pipe begins to leak. The leak rate and COA just before the predicted failure for the different pipe 
dimensions are shown as function of load factor in Figs. 12-13. Note the relatively small leak rates for the small 
diameter pipe in Fig. 12. This merely indicates that due to the small dimensions, the COA and leak rate will be small 
for a small diameter pipe even for a through-wall crack with length half the circumference. 
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Fig. 12 Leak rate at break as function of load factor 
for different pipe dimensions. 

Fig. 13 COA (inner surface) at break as function of 
load factor for different pipe dimensions. 

Vibration faticlue 
We consider here the same large diameter pipe (670 x 35 mm) as in the first stress corrosion example. The pipe has 
the same material properties and initial crack size as before and is subjwted to the same loading conditions except for 
an additional alternating global bending stress with a constant amplitude of 9 MPa at 20 Hz. The crack growth law is 
set to 

m/cy cle Q 



in conjunction with a threshold value, AKth, of 2.5 MPaG. Eqn. (7) is taken from the recommendations in Ref. 
[13] with an environmental factor of 4. Recommended values by Battelle [ll] for fatigue cracks are used for fluid and 
crack surface properties in the m a s  leak rate calculations. The resulting crack growth as predicted by LBBPIPE is 
shown in Fig. 14 for both the surface crack and the leaking through wall crack. 

Fig. 14 Estimated successive crack shapes as function of number of cycles for a growing fatigue crack. 
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Fig. 15 Leak rate as function of normalised number of cycles. 

Leakage is predicted after 1.03 lo6 cycles corresponding 
to 14.3 hours. The surface crack only grows in the depth 
direction where the threshold value is exceeded. The 
leaking crack then grows extremely fast and failure is 
predicted after 1.29- lo6 cycles (17.9 hours). Fig. 15 
shows the resulting leak rate (maximum and minimum) 
as function of number of cycles, here normalised with 
respect to the predicted number of cycles to failure Nfajf. 
The leak rate immediately after wall penetration is very 
small and unable to detect. A detectable mass leak rate of 
0.1 kg/s (1.6 gpm) gives a time interval of less than one 
hour between detection and failure. Under such 
circumstances LBB is not ensured. A lower detection level 
will not improve the situation much since the crack 
growth is so fast due to the high frequency loading once 
the threshold value is exceeded. 



High cycle fatigue due to vibrations is assumed to occur as long as AKI exceeds the threshold value AKlh. In the 
above example the vibration stress amplitude is set so high that this condition is fulfilled at some part of the initial 
crack front. Sensitivity analyses have been performed for a pipe with an alternating global bending stress at 20 Hz and 
a crack growth law according to Eqn. (7). The analyses show that all the following conditions have to be fulfilled in 
order to grow the crack due to high frequency vibration fatigue: 

i) High vibration stress amplitudes. 
ii) Deep surface cracks. 
iii) Low threshold values. 

If one of the above conditions is not fulfilled, in general AKI will be below the threshold value and crack growth will 
not take place. On the other hand, if the conditions for crack growth are fulfilled, the time to grow the crack until leak 
or break will be very short. The leak rates are generally small immediately after wall penetration. In all the studied 
cases, for which the breakthrough crack length along the outside of the pipe was less than 10 percent of the 
circumference, the initial leak rate was less than 0.01 kg/s which hardly is detectable. The time between a detectable 
leak and break will be extremely small, in most cases only a few hours with the assumed crack growth law. Fig. 16 
shows for the 670 x 35 mm pipe, the limit at which MI >A& for at least some part of the initial crack front for 
different combinations of stress range AG, threshold value AKth and initial crack geometry (q, 2q). 
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Fig. 16 Combinations of stress range, threshold value and initial crack 
size for which vibration fatigue occurs in a 670 x 35 mm pipe. 

The weld residual stresses are here not as important for fatigue as for stress corrosion. Residual stresses do however 
influence the crack growth and the threshold value through the R-value. Also, compressive residual stresses may cause 
local crack closure even if AKI is above the threshold value. In general this occurs for thin walled pipes with a linear 
weld residual stress distribution through the thickness. In these cases the breakthrough crack is in general closed along 
the outside of the pipe with zero leak rate. For points along the crack front near the inside of the pipe, crack growth 
still occurs which eventually may cause crack growth also to occur along the outside of the pipe until break is 
predictad. 
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CONCLUSIONS 
The computerized procedure repments a significant step forward in order to be able to perform rapid 
analysis of growing cracks and leak rates when service induced flaws are detected in pipes in nuclear 
power plants. By performing sensitivity analyses, one can obtain a better understanding of the relative 
importance of the different input parameters and thus make a better judgement of the probability of a 
detectable leak instead of break. 
For the IGSCCcases studied, there should not be any problem to detect leak rates from large diameter 
pipes and the time between detection and break is in general large for these pipes provided that the initial 
crack length is not extremely large in combination with high loads. For very small diameter pipes, there 
may be problems to detect leak rates since COA and leak rates will be small due to pure geometrical 
reasons. 
For normally loaded pipe systems in BWR-plants the conditions for vibration fatigue crack growth to 
occur ate not likely to be fulfilled. However, if high cycle fatigue may take place, the rapid crack growth 
that follows makes it difficult to take any credit of LBB arguments. 
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DEVELOPMENT OF CRACK SHAPE : 
LBB METHODOLOGY FOR CRACKED PIPES 
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1. INTRODUCTION 
For structures like vessels or pipes containing a fluid, the Leak-Before-Break (LBB) assessment requires to 
demonstrate that it is possible, during the lifetime of the component, to detect a rate of leakage due to a possible 
defect, the growth of which would result in a leak before-break of the component. This LBB assessment could be an 
important contribution to the overall structural integrity argument for many components. 
The aim of this paper is to review some practices used for LBB assessment and to describe how some new R & D 
results have been used to provide a simplified approach of fracture mechanics analysis and especially the evaluation 
of crack shape and size during the lifetime of the component. 

2. LBB METHODOLOGIES 
It is considered here only two particular procedures available in the open literature in order to illustrate two different 
cases (large thin vessel and pipe) for which special requirements are proposed. 

2.1. LBB methodology for SPXl main vessel 
The approach applied to the main vessel of Superphinix [llcontains three main steps : 
0 the first step is to assume the existence of an initial realistic defect located in a weld, and to check that the 

propagation of such a defect remains limited, i.e. the end-of-lifedefect, as calculated by application of the 2nd 
category design situation loads, does not fully penetrate the section thickness (non-crossing defect), and is not a 
critical type (stable defect). The initial defect is assumed to be of the plane, semi-elliptic type. 

0 The crack propagation is further continued until a through-wall and detectable defect is reached either by 
increasing the number of occurences of the load sequence, or by increasing the load intensity. By doing this it is 
possible to have an evaluation of the margins on the number of cycles or on the load level. To assure 
conservatism in the calculation of the crack opening area, it is assumed that during the growth of a through-wall 
defect the crack front profile remains constant, corresponding to the one existing at the instant of penetration. 
This assumption also recognises, in the consideration of the development of the initial part-through defects to 
large through- thickness defects, that it is non conservative, for determination of crack opening area, that the 
crack is of equal length at the initiation and at the penetration surfaces. 

0 The third step is to check that this resulting through-wall crack, detectable under normal operating conditions, 
does not reach the size of the smallest critical defect obtained when considering maximum design load 
conditions. 

2.2. LBB methodology for nuclear piping 
The steps of the evaluation proposed in the NUREG 1061 Volume 3 for pipes [2] are summarized [3] below : 
0 Postulate a through-wall crack flaw in the pipe. The size of the flaw should be large enough so that leakage is 

assured of detection using the installated leak detection equipment, when the pipe is subjected to normal 
operating loads. 
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0 Using the above crack size, perform an elastic-plastic fracture mechanics assessment to determine the maximum 
load (M,.& the pipe can carry. 

0 Determine the extreme load (MN+SSE) from normal plus safe-shutdown earthquake stresses. 
For satisfactory performance, demonstrate the following condition : Mmax>M~+s~. Based on some engineering 
judgment the recommended margins for the leak-rate detection, leakage flaw size and for N+SSE stresses are 
respectively 10,2 and &. 

Test number Maximum load Minimum load Frequency (Hz) Initial crack 
depth (mm) 

1 22.5 3.1 0.1 2 
2 20.3 -22.2 0.05 2 
3 22.5 3.1 0.1 2 
4 20.3 -22.2 0.033 2 

2.3. Interest of simplified methods 
According to the LBB methodologies, there is a need for : 
0 the analysis of the crack propagation under normal operating conditions to determine the through-wall and the 

detectable crack sizes starting from a postulated initial part-through wall defect, 
a model for hydraulic analysis for estimation of leak rates, 
a crack-opening area analysis for determination of crack geometry, 

0 an elastic-plastic fracture mechanics evaluation for the prediction of the maximum loadcarrying capacity of the 
cracked structures. 

For the crack propagation analysis and for the calculation of the maximum loading, handbooks for stress intensity 
factor KI and simplified methods for J are needed. Experimental results for example on cracked plates and cracked 
pipes are also useful1 in order to validate such simplified methods. 

Initial crack 
width (mm) 

80 
80 
40 
40 

3. NEW R&D RESULTS 

3.1. Cracked plates under bending. 

3.1.1. Exverimental results on crack Propagation 
An experimental study concerning the propagation by fatigue bending at room temperature of semi-elliptical crack in 
large plates made of in 3 16L(N) stainless steel was performed at CEA. Different kinds of initial defects and loadings 
were chosen (Table 1) : 

The figure 1 gives the dimensions of the plates that were tested on a conventionnal testing machine with an ad’hoc 
experimental test device illustrated in the figure 2. Such an experimental procedure allows to perform reversed 
bending. The figure 3 shows the cracks profiles obtained at the end of the tests when penetration is achieved, by 
comparison to the profile of the initial crack obtained by machining. These tests show that, for a R-ratio (R = 
minimum bending stress / maximum bending stress on one skin) near 0.1, the deepest point of the crack reaches 85% 
of the thickness and then, rapidly, the penetration is obtained in a few cycles. For a R-ratio near -1, the conditions of 
penetration are somewhat different. Multiple fatigue cracks appear on the opposite skin of the initial notch. One of 
these fatigue crack quickly joints the initial propagated crack for a depth near to 65% of the thickness.The through- 
wall crack at penetration in this later case is a two-chevrons crack and the smallest ligament to be used for leak-rate 
evaluation is not on the outer skin but close to the middle of the thickness. In addition, due to the multiple cracking 
the crack after penetration is not contained in a perfect plane. 



3.1.2. Calculation of crack propawtion -Master Curves 
The evaluation of the crack shapes during fatigue loading is very time consuming if it is necessary to take into 
account every initial crack dimensions, every Paris law for base material or welments and every loading conditions. 
In fact the main results concerning L.B.B. assessment is the crack profile at penetration. To do this a simplified 
procedure has been proposed for cracked plates and applied for instance for E.F.R main vessel [4]. This procedure 
relies on the calculation of master curves giving for different initial crack size ratios (alc and alt) and Werent 
loading ratios (membrane stress/ bending stress) the evolution of a/c versus ah. These curves are independent of Paris 
law parameters and are calculated with KI values established by Raju and Newman [5]. Good agreement of these 
curves was shown with experimental results of cracked plates made of homogeneous base material and tested under 
simple bending load controlled conditions. Most of the loading of tests considered were also restricted to global 
elastic behavior. 
The figure 4 gives the paths followed by the crack dimensions of the 4 specimens tested and the two paths calculated 
by the Master Curve Method. For positive R ratio the calculated curves are conservative : they overestimate the crack 
width at the penetration when del. One can see that the negative R ratio experimental results give wider crack than 
with positive R ratio for the same load range. However after junction of the two opposite cracks, for negative R ratio 
the width of the cracks are almost equal to the width of crack reached at the penetration for positive R ratio. The 
Master Curves are conservative because they give an overestimation of the maximal overall width. The problem 
remaining is to estimate the smallest leaking ligament width. 

3.1.3. Jestimation. 
In order to evaluate the effect of plasticity during the experimental tests local J values were calculated considering 
only the first !4 loading cycle. A numerical estimation of J with the CASTEM 2000 finite elements code and the G- 
THETA method was done for an intermediate measured crack front. The three dimensionnal mesh is shown figure 
5. The figure 6 gives the evolution of elastic and elatoplastic J versus loading normalised to the maximal loading. 
One can see that at the maximal loading the elastoplastic J is equal to 5 times the elastic value. This means that the 
duration of propagation are underestimated by elastic calculation even if the crack shape path is correctly 
evaluated.To be able to calculate the propagation phase, it is proposed to calculate a AJ parameter by a simplified 
method [6,7]. This Js method is used to modify the elastic J, value given by Raju and Newman formulae. In a few 
words, the method consists in m o w n g  the elastic J, value with a factor kA16 using a reference stresse o,f and the 
corresponding strain E & k e n  on the tensile curve: 

where R0.m is the yield stress and E is the elasticity modulus. E*is the equivalent 2D E value calculated with the 
relevant stress or strain distribution (plane stress or plane strain ) . 
The evolution of J, calculated by the Js method, is shown in the figure 6. The curve is labelled simplified method 
A16. In this estimation, the reference stress is set equal to the bending reference stress of the crack-free plate. It is 
worth noting that the Js method gives a good estimation of the numerical elastoplastic local J at the deepest point. 

3.2. Cracked pipes. 

3.2.1. Emerimental results. 
It is interesting to try to develop also Master Curves for L.B.B. assessment of cracked pipes. An experimental study 
on fatigue propagation of axisymetrical internal defects in tubes subjected to 4 points reversed bending was 
performed at the CEA. The figure 7 gives a drawing of the experimental configuration used. The initial defect was 
introduced by machining. 
A stable fatigue propagation of the crack was obtained until 80% of the thickness and then unstable penetration of 
the defect is achieved. At penetration in almost one cycle the width on the outside skin reaches the width obtained at 
penetration on the inside skin as illustrated on the figure 8. 
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3.2.2. KT handbooks for semi-elliutical defects. 
More and more local KI handbook are available, for an increasing number of structure and crack geometries and 
loadings configurations. Their most important interest is to define a data basis, in most cases coming from finite 
elements calculation, which are the first input for the construction of simplified methods : Master curves or 
simplified J estimations for example. In the cracked pipes domain a parametric study of different KI handbook for 
tubes with internal circumferential cracks was performed. Shape factors are compared for a stress field expressed by : 

CT = CTO +GI- r - x  +,,.(?). +CT3.(7)3+CT4.(&J, r-Ri 
a 

where GO is a constant stress field, crI o2 and o3 are linear, quadratic and cubic axisymitrical in the thickness stress 
field and c4 is a global bending. The expression of Kl derived from the stress distributions is : 

where fi is the geometrical shape factor associated to q stress component. 
Some examples of the comparisons made by the authors considering the fi results given by Bergman and Brickstad 
[SI, Poette and Albaladejo [9] and Hdiot [lo] are shown in the figures 9 to 13 for dW.5. The results are presented 
as a function of alc. It shows a good agreement for membrane and global bending load, but more dispersed results for 
the axisymetric through thickness stress. The Bergman and Brickstad handbook, which is based on more recent 3D 
and very refined meshes gives an important panel of geometries and loadings. 

3.2.3. Calculation of crack urouanation -Master Curves. 
Master w e s ,  used in LBB methods to evaluate crack shape, are constructed from analytical KI solutions. These are 
available now for cracked pipes configurations. It is possible to calculate the Master Curves of cracked pipes. With 
the Bergman and Brickstad results, the Master Curves for tubes with circumferential and internal defects were drawn 
and compared with the plates ones for the pipe geometry considered. The figures 14 and 15 show the paths obtained 
by the plate and tube formulae for the membrane stress and the linear bending cases respectively. A good agreement 
is obtained between plates and tubes suggesting that plate formulae are sufficient for the configurations tested here. 
The circumferential curvature of the tube for a ratio t/Ri=O. 12 has no effect on the flaw shape. However, the software 
allowes also to outline Master Curves for other special loadings like global bending or global bending combined with 
axisymetrical stresses. 

3.2.4. Determination of the through wall defect 
A finite elements interpretation with shell and linespring elements was made by the authors. The mesh used is 
presented in the figure 16. At this occasion a proposal to evaluate the width of through-wall defect for global 
bending was made : - The crack propagation is estimated along the crack front, with a step by step scheme and with KI handbook or 

finite elements calculations, with the Paris law of the material until the deepest point reaches 80% of the 
thickness. At this instant the crack profile is the one shown on the figure 17 (front A). - Assuming a constant velocity of the crack growth along the crack front, the crack is propagated to a depth equal to 
the thickness (front B in the figure 17). - All the points of the crack above 0.8t are assumed to reach the surface (BaC) and the lateral crack fronts are 
assumed to be linear (AC). 

This proposal gives, for the fatigue propagated flaw at penetration, a 53' external width compared to the 62' 
experimental results. This result is more accurate than the exiernal width obtained by the formulae deduced from 

External width = Mini (2t, 2sinternal widtW4) = 9.6 O 

[ll] : 



4. CONCLUSIONS 
This paper has presented some particular aspects of L.B.B. methodologies recently proposed for application to vessel 
and pipe components of nuclear reactor. Attention is here focused not on the instability of cracked components but on 
the evaluation of the shape and dimensions of the defect during the lifetime of the component. 
Simplified methods are very interesting in this context and in particular the Master Curves giving the geometry of 
the defect at penetration. 
The experimental results show some interesting features concerning the effect of negative R ratio leading to non 
plane two-chevrons through-wall crack, the effect of plasticity, the differences between plates and tubes and the 
characterization of penetration. 
As far as simplified methods are concerned some KI analytical solutions, now available, are compared and applied to 
draw automatically the paths of crack dimensions developments. The comparisons with experimental results are 
encouraging. Problems concerning the effects of different R ratio, of plasticity and of weldment were not presented in 
this paper. 
KI solutions were also used to apply the Js simplified method to evaluate the effect of local plasticity. The comparison 
with the numerical values is good with a simple reference stress. 
A proposal to evaluate the width of the penetration crack in a pipe gives good results. 
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Fig. 5 : 3D plate mesh. 
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FATIGUE FLAW GROWTH ASSESSMENT 
AND INCLUSION OF STRAmCATION TO THE LBB ASSESSMENT 

Pave1 Samohyl 

ABSTRACT 

Fatime flaw mowth assessment 

The application of the LBB requir also fatigue flaw growth a sment. This analysis was performed for 
PWR nuclear power plants types WER 440/230, W E R  440/i13E, W E R  1000/320. Respecting that these NPP’s 
were designed according to Russian codes that differ from US codes it was needed to compare these approaches. 
Comparison with our experimental data was accomplished, too. Margins of applicability of the US methods and their 
modifications for the materials used for coastruction of Czech and Slovak NPP’s are shown. Computer code 
accomplishing the analysis according to described method is presented. 

Including stratification to the LBB assessment 

Some measurement and calculations show that thermal stratifications in horizontal pipelines can lead to 
additive loads that are not negligible and can be dangerous. An attempt to include these loads induced by steady-state 
stratification was made. 

FATIGUE FLAW GROWTH ASSESSMENT 

Preface: 

A flaw can occur in the primary piping for of several reasons. They may originate either from manufacture 
or they can OCCUT by affecting several mechanisms as corrosion, erosioncorroiion or fatigue. The aim of this article 
is to investigate flaw fatigue propagation in the PWR environment. This investigation is necessary to prevent rupture 
of the primary piping due to fatigue. Computer code FATLBB was developed for this purpose. It performs analysis 
of the given flaw using selected method. 

Initial flaw size 

Initial flaw for the growth analysis can be taken either from the real measured values obtained during 
inspection or as maximal allowable crack size according to ASME, section XI, IWB-3500. The second way is default 
in FATLBB code because it is more conservative. Tables in IWB-3500 were fitted using proper polynomials and they 
were included into FATLBB. 

Loading seuuences 

Real or design operating conditions can be used for design of loading sequences. It is necessary to create a 
complex model including main circulation piping, pressurizer piping, cool emergency system, steam line and surge 
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line for examined NPP. Stress analysis for each operation state and each section is performed using standardized 
computer code STATIC. Membrane and bending stresses for each investigated section are saved to the fatigue 
database. Loading sequences for each section are made up from the operational states and total axial stresses. Service 
history of the NPP is taken as base time unit for loading sequence creating. Each loading sequence can be applied 
several times to be more conservative. It is needed to distinguish between sections laying in separable part (in front 
of motor operated isolation valve) and unseparable part (behind motor operated isolation valve). 

Flaw mowth 

Fatigue flaw growth is described by well-known Paris' law. It is done in a form 

in ASME code, section XI, C-3210. da/dN is flaw increment per one cycle, 6K is amplitude of stress intensity factor, 
C, n are material constants. For austenitic steel in air environment they are 

c =~X~~-10.009+8.12~104T-l.13~104P+l.~~104T3 
0 

S= 1 when R I 0 
S= 1.0 + 1.8 R when 0 C R < 0.79 
S= -43.35 + 57.97 R when 0.79 < R < 1.0 
n = 3.3 

Tis temperature in O F ,  T I 800 OF, R = K,,,,.,JK- is loading factor. [KJ = ksidin, [a] = in. 

Flaw growth in austenitic steel tested in PWR environment is not solved in ASME code. This case is solved 
in NUREG and EPRI [l], [2]. Because V1 NPP material was produced in Russia and other our plants are designed 
according to Russian standards and codes it is proper to use also Interatomenergo code [3] and compare the results. 
All listed methods are available in FATLBB computer code. 

NUREG 

Fatigue flaw rate consists of three contributions: mechanical fatigue in air, SCC and environment 
contribution. 

For oxygen reached water (8 ppm) corresponding to transients we could use the following equations: 

. auir a .  =- 
a~ TR 

Ci,,=ACi,~ 

A, m are experimental constants, T,is rising time in s. 
[KJ = MPdm,  [d] = ds. 

Computer code FATLBB uses modified equation 



assuming ascc can be included to a,,. This assumption is valid if dependence ae,vs hdr is linear in the logarithmic 
scale. In Fig. 1 dependence hC,vs ad, is plotted. Coefficients A, m are determined from this dependence. hdr is an 
ASME value calculated using (1) and (4), hm is an experimental value minus adr. 

This method is described in [2]. It is very simple, but very conservative. Influence of environment is included 
into constants of Paris' law. 

da = C.E.S.(6K)", (7) 

where 
C = 2xiOi9, n = 3.3, material constants, 
S = (1 - 0.5 Rz)4, R ratio correction factor 
E = 2 for PWR (environmental factor) 

Interatomenergo 

This method is described in [3]. 

if 6K 2 GK,,,#en 

da/dN = 2.135x106(3.75R + 0.06).(6K)'.95. 

if 6K < &&en 

da/dN = 1.475~10"(26.9R-5.725) .(SK)'-%. 

6 Kh=19.4!32 3.75R+0.06 4 26.9R-5.725 

if R < 0.25 then R = 0.25, if R > 0.65 then R = 0.65, [da] = d c y c l e ,  [6KJ = MPdm.  

This method gives an interesting dependence da/dN vs 6K (see Fig. 2). It is less conservative then EPRI 
method and more conservative then NUREG method. 

Experiment 

The target of the experiment was to verify validity of EPRI and IAE methods and to obtain experimental constants 
for the NUREG method. Description of the experiment is in [5]. The experiment was performed on archive base and 
weld material in PWR oxygen saturated water (8 ppm). The saw-like waveform pulse was used with frequency 
f = 0.085 Hz, load ratio R = 0.2, water temperature T = 300°C. The most conservative cover curve was obtained. 
In the Figure 2 comparison ASME, EPRI, IAE and experiment are drawn. NUREG values are the same as experiment 
because coefficients A, m were obtained from the experiment. 



Growth analvsis 

Rain flow method was applied to each block of total stress (sum of membrane and bending stresses) to 
decompose sequence of stresses to cycles and halfcycles. We determine amplitude of membrane and bending stresses 
6um, 60, and number of cycle occurrences Nqcl. If cycle is half-cycle then Nqcl = NbM I 2 else NqCl = NbW. Nb- is 
number of loading sequence occurrence. 

Stress intensity factor amplitude is calculated according to ASME A-3300 for semi-elliptical surface flaw: 

6K= 6u,,,M,,,d(?ra/Q) +6u&d(?ra/Q) (10) 

where M,, Mb are correction factors for membrane and bending stresses, Q is flaw shape parameter, a is flaw depth. 
Factors M,,,. Mbr Q from Fig. A-3300-1, A-3300-3, A-3300-5 [4] were fitted with using proper polynomials and were 
included into the computer code. 

Choosing NUREG method the calculation proceeds in this way: 

1) Determine 6K according to (10) 
2) Find the flaw increment for one cycle in air environment according to (1) 
3) Evaluate flaw rate in air according to (4) and in environment according to (5) 
4) Find result flaw rate according to (6) 
5) Assess new flaw size and return to 1) 

This procedure was repeated through number of block occurrences, all cycles, all sections. 

Choosing IAE resp. EPRI method the procedure is rather easier: 

1) Determine 6K according to (8) 
2) Find the flaw increment in one cycle according to (7) resp. (6) 
3) Assess new flaw size and return to 1) 

Program description 

Flow chart of FATLBB code is in Fig. 3. Program is based on the communication with database file which 
is both input and output. Database file has a standard structure DBF making possible the following process and view 
conveniently. Each record contains one section. Tube thickness, name of the file with service history, membrane and 
bending stresses for each operating state. Program creates loading sequence, accomplishes decomposition using raining 
flaw method and performs calculation as described in the previous chapter. It writes results of the analysis down to 
the fatigue database. Results of analysis are: initial crack length and depth, final crack length and depth, relative final 
crack depth and maximal stress intensity factor amplitude. 

Conclusions 

The methodology for fatigue flaw growth assessment in corrosion environment of PWRs was worked out in the 
frame of LBB, being based on both experiments and theoretical analyses. Several methods were taken over and tested 
on our archive material. It has been concluded that it is not possible to take over a method without experimental 

. checking. Coefficients A, m recommended for ASME steels were rather different from our ones. Comparison of 
NUREG values for ASME steels and our steels is in Fig. 4. It is seen that the fatigue flaw growth in the US steel has 
a different character. 

We developed our computer code for fatigue flaw growth assessment. Using this program we assessed NPPs V1, 
V2, EDU and ETE. 
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INCLUSION OF S T R A ~ C A T I O N  TO THE LBB ASSESSMENT 

Preface: 

The contribution presented shows our suggestion how to include stratification into the LBB assessment. The 
first LBB analyses considering the effect of thermal stratification were performed for NPP's in the Slovak Republic. 

The measuring of stratification and stress fields 

The effect of the coolant thermal stratification can be observed in the horizontal parts of pipelines with limited 
coolant flow. Our attention was focused to pressurizer surge line. Three dangerous places were chosen to be analyzed, 
in each of them outer temperature in five points of pipe half circumference was measured. These analyzed places are 
marked in the fig. 5. The highest difference in measured temperature between upper and bottom part of the pipe was 
70" C. This temperature difference was used as input for the stress analyzes using finte element method. 

load in^ calculation 

Additional load due to stratification was calculated from the finte element calculation according to the 
following equations (assuming pipe axis lies in x-axis). 

f 
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where F, is axial force, M = ( M,, My, MJ is force moment, a,, rp are components of stress tensor, f is area of 
intercircles affected by a,. 

Inclusion of stratification to the LBB assessment 

Force and moment were added to normal operating condition loadings in such a way that the expression 
M,, + kM- takes its minimum value over 0 < k < 1. This minimum value is used for evaluation of crack through 
which the minimum detectable coolant amount leaks. For the crack stability analysis we include stratification loads 
as additional thermal dilatations: 

Evaluation of measured results is not ready yet, but we can say that stratification can lead to additive loads 
that are not negligible and can be dangerous. 
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Fig. 2 
Fatigue crack growth 
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Fig. 3: Flow Chart for the Calculation of Flaw Growth due to Fatigue 
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ASSESSMENT OF CRACK OPENING AREA FOR LEAK RATES 

J K Sharpies+, P J Bouchard* 
AEA Technology, UK+, Nuclear Electric plc., UK* 

ABSTRACT 

This paper outlines the background to recommended crack opening area solutions given in a proposed revision to 
leak before break guidance for the R6 procedure. Comparisons with experimental and analytical results are given for 
some selected cases of circumferential cracks in cylinders. It is shown that elastic models can provide satisfactory 
estimations of crack opening displacement (and area) but they become increasingly conservative for values of L, 
greater than approximately 0.4. The Dugdale small scale yielding model gives conservative estimates of crack 
opening displacement with increaing enhancement for L, values greater than 0.4. Further validation of the elastic- 
plastic reference stress method for up to L, values of about 1.0 is presented by experimental and analytical 
comparisons. Although a more detailed method, its application gives a best estimate of crack opening displacement 
which may be substantially greater than smal l  scale plasticity models. It is also shown that the local boundary 
conditions in pipework need to to be carefidly considered when evaluating crack opening area for through-wall 
bending stresses resulting from welding residual stresses or geometry discontinuities. 

INTRODUCTION 

Crack opening area is a key element in leak before break (LBB) assessment of pressurised plant. Estimates of crack 
opening area for postulated through-wall cracks can vary widely depending on how the crack is idealised, which 
crack opening model is used and what material properties are assumed. Estimation methods for crack opening area 
can be classified into three categories: linear elastic models; elastic models incorporating a small scale plasticity 
correction; and elastic-plastic models. A wide range of published solutions are available for idealised slot-like cracks 
in simple geometries subject to basic loadings (pressure, membrane and bending). Their accuracy varies with 
geometry ( e g  R/t ratio), crack size, type of load and magnitude of load. 

A proposed revision to LBB guidance for the R6 procedure [l] (by way of Appendix 9 of the procedure) gives 
recommended crack opening area solutions for cracks in plates, spheres and cylinders. These solutions include those, 
which as part of the continuing R6 development programme, have recently been obtained by finite elements for 
cylinders loaded under internal pressure, global bending and local through-wall bending. Local through-wall 
bending is of particular relevance to weld residual stresses and geometry discontinuities. 

This paper outlines the background to the recommended solutions and gives comparisons with experimental and 
analytical results for some selected cases of Circumferential cracks in cylinders. 

REVISED GUIDANCE GIVEN IN R6 

The crack opening area solutions recommended in the proposed revision of Appendix 9 for R6 are given in Table 1 
and they are for plates, spheres and cylinders ( [2], [3] to [7] and [9] ). The Appendix recommends the more 
accurate elastic-plastic model of Langston [7] for best estimate LBB calculations where stress levels are high enough 



to induce significant plasticity (i.e. L, greater than about 0.4). However, this method requires a description of the 
material stress-strain m e .  For bounding conditions, the linear elastic finite element results presented in [5] and [9] 
are recommended. These results cover a wide range of cylinder geometries (Rlt from 5 to 100) and crack lengths. It 
is also noted that where high accuracy elastic estimates are required, non-linear geometric deformation effects can be 
important in some circumstances. This statement arises from the findings of an additional study undertaken by 
Sharples and Kemp [SI to provide guidance as to when non-linear geometry effects can be significant in terms of 
load level and cylinder size. 

Table 1: Crack Opening k e a  Solutions Recommended In New Appendix 9 For R6 

Geometry 

Plates 

Spheres 

Cylinders With 
Axial cracks 

Cylinders With 
Circumferential 
cracks 

Loading Elastic Or Small Scale Yielding 
Elastic I Plasticity Model 

I Model I 
Membrane I Westergaard [2] I Dugdale [4] 
TWB I Miller 131 I -  
Pressure I Wuthrich[4] I Dugdale[4] 

€Ut 2 10,l.S 5 
TWB Miller [3] - 
Pressure Knowles & Dugdale [4] 

Kemp [5] 5 5 
R/t 5 100 

Kemp [5] 5 1. 
R/t 5 100 

Membrane Knowles & Dugdale [4] 
(Pressure) Kemp [5] 5 5 

TWB Knowles & - 

€ut 5 100 
Global Bending France & Dugdale [4] 

Sharples [9] 
55R/t<100 

Membrane + Add elastic Dugdale [4] 
Global Bending components 
TWB Knowles & - 

Kemp [5] 5 5 
R/t 5 100 

Elastic-Plastic 

Langston [7] 
55R/t<20 

Langston [7] 
5 <R/t 5 20 

~ Kumar[6] 
5 5 W t 5 2 0  

I -  
TWB - Through-Wall Bending stress 

N.B. Where the estimated model gives centrecrack opening displacement rather than area, an elliptical crack opening shape 
should be assumed (Le. Crack Opening Area = 6 c x I2 ,  where 6 is centrecrack opening displacement and c is semi-crack length) 

BACKGROUND TO RECOMMENDED SOLUTIONS FOR CYLINDERS WITH CIRCUMFERENTIAL 
CRACKS 

The background to the recommended solutions given in Table 1 are summarised as follows: 

Elastic Model - Knowles and KemD T5l and France and Shamles T91 

Analytical programmes of work were undertaken to evaluate crack opening areas for cracks in long cylinders or 
pipes. Analyses were carried out using a full 3-D finite element elastic model with 20 node quadratic interpolation, 



reduced integration elements. Both longitudinal and part-circumferential through-wall cracks were considered with 
centres half way along the cylinder length. 

S 0 I 0.1 0.2 0.3 0.4 0.5 0.6 
Y 1.00 I 1.01 1.03 1.07 1.12 1.20 1.30 

The radius of the cylinder was fixed and thickness, t, was varied giving Wt values of 5, 10,20, 50 and 100 where R 
is mean radius. A range of crack lengths were considered, characterised by the thin shell analysis parameter X: 

0.7 0.8 0.9 
1.45 1.68 2.12 

where a is the half crack length and v is Poisson's ratio. h values ranged from 1 to 12 for the longitudinal cracks and 
from 0.18 to 63 for the circumferential cracks. These values corresponded to crack lengths of between 2 mm to 120 
mm and of between 5 O  and 180° around the circumference respectively. 

Internal pressure and through-wall bending moment loading conditions were considered for both types of crack in 
[5]. The bending moment load was applied by specifying an appropriate pressure loading distribution to the crack 
face elements. The finite element calculations were extended to include the global bending case [9]. Considerations 
relating to the through-wall bending work are covered below in a later section. 

Small Scale Yielding Model - Dugdale r41 

Wuthrich used the Dugdale model [4] in order to extend the range in which plasticity effects can be d e s m i  and 
this results in crack opening area, A, for cylindrical geometries being given by: 

A, is the crack opening area for a plane sheet given by: 

A, = 2 71 (T a2 /E' (3) 

where 0 is membrane stress, a is crack semi-length and E' is E for plane stress and E / ( 1 - v2 ) for plane strain, E 
being Young's modulus and v, Poisson's ratio. 

a (A) is a bulging factor which according to Kastner et. al. [lo], is approximately: 

a = ( 1 + 0.117 A2 )O.' 

for circumferential cracks in pipes. 

The plasticity factor developed by Wuthrich is given by: 

y = US [ (1-s )2 ~ d ( d 2 )  + 4/71(l-~ ) tan(71d2) - 8/n2 In C O S ( ~ S / ~ )  ] 

(4) 

where s = ohF and oF is flow stress. 

Numerical values for this formula are given as follows: 
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Elastic-Plastic Model - Kumar (GEEPW r61 

For a material whose uniaxial stress-strain (0-E) curve is described by: 

E / Eo = 0 / 00 + a ( 0 / 00 )" (6) 

the estimation scheme of [6] suggests that the crack opening displacement 6 at the centre of a circumferential crack 
of half-length, a, in a cylinder of mean radius R and thickness t can be written as: 

In Eq. 6, ~ g ,  oo, a and n are constants with oo usually taken to be the yield stress and so to be oo / E. 

In Eq. 7, the first term represents the elastic contribution to the crack opening displacement with (T the applied stress 
acting to open the crack and a, an effective crack half-length defined as: 

a,= a+  1 / ( Pn) [ (n - 1 ) / ( n  + 1) 3 [ Kl(a) / oo l2 [ 1 + ( P  /Po 121-' (8) 

where Kl(a) is the elastic stress intensity factor and p a constant with p = 2 for plane stress and p = 6 for plane 
strain. P is the applied load and Po is a normalising factor equal in this case to the limit load of the cracked structure. 

The dimensionless function V, in Eq. 7 depends purely on geometry through the normalised crack length ah, with 
b = .rrR the half-circumference of the cylinder, and the ratio €Ut. 

The second term in Eq. 7 represents the fully-plastic contribution to the crack opening displacement and % is a 
dimensionless function depending on geometry and the strain hardening exponent n. The dimensionless functions VI 
and % were derived by fitting Eq. 7 to the results of finite element calculations and are tabulated in [6] for a range of 
normalised crack lengths, cylinder radius to thickness ratios and values of strain hardening exponent n. 

Elastic-Plastic Reference Stress Method - Langston r71 

Langston developed, and validated by comparison with experiments, a reference stress based approximation for 
calculating the crack opening displacement of circumferential cracks in cylinders, derived from the GEEPRI 
estimation scheme referred to above [6]. This development is based on Eq. 7. Defining the reference stress, oref as: 

0ref' ( p 1 Po 1 Qo (9) 

and replacing a, and h, ( ah, n, Wt ) with functions which depend only on geometry and loading and are 
independent of any parametric fit to the stress-strain curve (according to Ainsworth [ll] ), the crack opening 
displacement becomes: 

6 = ( 4 (T a, / E  ) V, ( a, / by Wt ) + 

Since with increasing n, the factor ( n - 1 ) / ( n + 1 ) rapidly approaches unity, and only varies between 0 and 1 for 
all  n 2 1, the dependence on n can be removed in Eq. 8 by setting ( n - 1 ) / ( n + 1 ) to its mid-range value of 1/2. 
The effective crack half-length defined by Eq. 8 then becomes: 



a,= a +  1 / ( 2  pn) [ Kl(a) / o0I2 [ 1 + ( P  /Po)2]-1 (1 1) 

Equation 10, together with the modified definition of a, in Eq. 11, therefore form the reference stress approximation 
for crack opening displacement. 

The normalised functions h2* ( ah, R/t ) / h, ( 1 ) necessary to use the reference stress approximation are shown in 
graphical form in Fig. 1. Although the normalised functions depend markedly on crack length, they vary little with 
R/t or the type of loading. The dimensionless functions VI ( ah, R/t ) are tabulated in [6]. 

AI1 120 

= I  : a.2 

- 0  
- - 

11' 1111 '18 I, =. 
. ,. 2.0 
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BENOING 

1.L 

NOAMALISEO CRACK LENGTH, 'lb- 

Figure 1 Variation of the Normalised Functions h g  ( ah, R/t ) / h, ( 1 ) 
with ah, Rlt and Loading 

IPIRG EXPERIMENTS AND ROUND ROBIN PROBLEMS 

The results of two PRG pipe experiments [ 121 have been used in the comparison. These are Experiment 41 11-2 for 
global bending and Experiment 1-8 for combined membrane (internal pressure) plus global bending. Details of the 
test Specimens and material properties for these two experiments are given in Table 2. 

UK finite element results of two PRG round-robin problems have been used in the comparison. The problems under 
consideration were A3 .b and B 1 .by the test specimen and material property details of which are also given in Table 2. 

As can be seen, Problem A3.b is relevant to Experiment 4111-2 but with E being some 8% higher. Problem B1.b is 
relevant to Experiment 1-8 but with the yield properties being approximately 10% higher. 

Lynch [I31 performed linear elastic and non-linear elastic-plastic finite element calculations for Problem A3.b using 
the BERSAFE? suite of programmes. May et. al. [I41 performed finite element calculations for Problem B1.b using 
the ABAQUS programme. 



Table 2: IPRG Experiment And Round Robin Problem Details 

Yield Stress, o, (MPa) 
Ultimate Stress, o,, (MPa) 
Ramberg-Osgood &E, a@) 
Ramberg-osgood CoeE n@) 

23 1 217 230.1 237.2 
544 508 544 610.2 
1.10 174 1.107 2.157 
5.50 4.66 5.55 4.042 

(4 
@I 

2a = through-wall crack length at mean pipe diameter, Dm = mean pipe diameter 
Stressstrain curve is represented by: E/EO = tsltso + 4 tsltso)n, where a. = cy EO = a& 

COMPARISON OF RESULTS 

A comparison of crack opening displacements evaluated fiom different solutions and relevant IPRG data was made 
for the loading cases of (i) global bending, (ii) membrane (i.e. pressure), and, (iii) combined membrane and global 
bending. The results of the comparisons are given in Fig. 2 for different values of the R6 L, parameter (i.e. reference 
stress/yield stress). 

Global Bending 

Figure 2 (a) contains the results for the global bending case which is based on the IPlRG 41 11-2 experiment and 
associated round robin A3.b problem (see Table 3). The elastic finite element results of [5] (as recommended in the 
new Appendix 9 of R6, Table 1) are the same as those of [13] as expected. Plasticity corrections to these results based 
on the Dugdale small scale yielding model [4] show an increasing enhancement of crack opening displacement with 
increasing L, The non-linear elastic-plastic finite element results (shown for both the inner and outer surfaces) show 
even higher values of crack opening displacement as anticipated. The results based on the Langston reference stress 
method [7] are fairly consistent with the elastic-plastic finite element results, thus providing good validation for the 
method. The values of crack opening displacement measured in the IPlRG experiment are generally higher than the 
calculated values. However, for L, values below approximately 0.4, the experimental results are shown to be lower 
than even the calculated elastic m e .  This is probably a consequence of the sensitivity of the experimental 
measuring equipment which requires further investigation. 

. Membrane (pressure1 

Figure 2 (b) contains the results for the membrane (pressure) case which is based on the geometry of the round robin 
A3.b problem associated with the IPRG 4111-2 experiment. As can be seen from this figure, the elastic finite 
element calculations of [5] show crack opening displacement values approximately 6% higher than those obtained 
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from the finite element calculations of [13]. This small difference is likely to be due to a combination of the digerent 
meshes generated in the two sets of analyses and the fact that the results from [5] for the specific geometry under 
consideration here were obtained by linear interpolation. The trend for the results basal on the other methods is 
similar to that discussed above with reference to Fig. 2 (a). 

Membrane + Global Bending 

Figure 2 (c) contains the results for the combined pressure and global bending case which is based on the IPIRG 2 
experiment 1.8 and associated round robin B1-b problem whereby the crack length is s d e r  than for the case 
considered in Fig. l(a) and (b) (12% of the circumference compared with 37% of the cirderence).  The crack 
opening displacement values are for the global bending component only. Two sets of values for the reference stress 
method of [7] are presented to reflect the fact that there is a difference of approximately 9% between the yield stress 
of the pipe material used in the experiment and that specified in the r p n d  robin problem. It should be noted that 
although the reference stress method of [7] was used in this comparison, the method has not been fully validated for 
combined loadings and hence it is not currently recommended for such in the proposed revision to Appendix 9 of R6 
(Table 1). As with Fig. 2 (a), it can be seen that the results for the Langston reference stress method [7] are fairly 
consistent with those of the elastic-plastic finite element results.The experimental points measured at the inner 
surface are shown to be slightly lower than the reference stress method results obtained for the centre of the crack. 
Experimental points for the centre would therefore be coincident with or slightly higher than the reference stress 
curve. The experimental and analytical comparisons therefore again provide good validation for the reference stress 
method. 

CONSIDERATIONS FOR THROUGH-WALL BENDING IN RELATION TO RESIDUAL STRESSES 

Local through-wall bending stresses can induce elastic crack face rotations which will reduce effective crack opening 
area. If complete crack closure occurs, no LBB case can be made. Significant local through-wall bending stresses 
may be present in thick-walled shells under internal pressure loading, or be associated with weld residual stresses or 
geometric discontinuities. 

The models considered in the elastic finite element analysis of [5] for local through-wall bending, as previously 
referred to, were for long cylinders. However, it is likely that in many practical pipework configurations, e.g. at pipe 
nozzle welds, the local pipe boundaxy conditions may significantly influence the crack opening displacements. To 
investigate this effect, the cases of the two extreme values of cylinder R/t ratio of 5 and 100 and circumferential crack 
lengths of 5" and 180°, presented in [5], were re-analysed with a reduced length of cylinder (1 pipe diameter) and 
two end restraint conditions. The two end boundary conditions modelled were (i) totally un-restrained (as in the 
analysis of [5], and, (ii) restrained in all directions. 

Crack opening displacement values calculated from the analysis are given in Table 3 at the inner, mid-wall and outer 
surfaces. The applied through-wall bending resulted in nominal tension on the inner wall and nominal compression 
on the outer wall. The displacements are assumed positive in the direction of crack opening and it should be noted 
that the computed negative values of crack opening are a consequence of the fact that contact elements, modelling 
crack closure effects, were not used in the finite element analyses. Computed negative values of crack opening 
therefore result in crack closure in practice. Even allowing for this, it can be seen that the modelled cylinder length 
and restraint conditions have a significant effect on the results for the 180" cracks but a minimal effect for the shorter 
crack (5") considered. 

It is very important therefore, for local boundary conditions to be carefhlly considered when evaluating crack opening 
area (and indeed critical crack length) in LBB assessments where through-wall bending stresses resulting from 
welding residual stresses or geometry discontinuities are present. 



Table 3: Comparison Of Crack Opening Displacements For Short And Long Cylinder Models 

Case 

Long - NR 
Short - NR 
Short - FR 

Long -NR 
Short - NR 
Short - FR 
Long - NR 
Short -NR 
Short - FR 

Long - NR 
Short - NR 
Short -FR 

- 
€ut 

- 
5 
5 
5 

5 
5 
5 
100 
100 
100 

100 
100 
100 

- 

Crack 
L=wh 
Peg.) 
5 
5 
5 

180 
180 
180 
5 
5 
5 

180 
180 
180 

t 

(-1 
4 
4 
4 

4 
4 
4 
0.2 
0.2 
0.2 

0.2 
0.2 
0.2 

h 

0.177 
0.177 
0.177 

6.385 
6.385 
6.385 
0.793 
0.793 
0.793 

28.55 
28.55 
28.55 

Inner 

(w) i 
1.147 
1.232 
1.232 

-13.960 
-35.070 
4.660 
0.646 
0.604 
0.604 

-2.749 
-21.800 
1.306 

Mid 

(Po 
-0.037 
-0.036 
-0.035 

-19.240 
-46.320 

-0.035 
-0.034 
-0.033 

-4.096 

-0.030 

-1.561 

-23.290 

Outer 

(Fun) 
-1.354 
-1.432 
-1.430 

-26.920 
-57.400 
-7.635 
-0.715 
-0.670 
-0.669 

-5.443 
-24.780 
-1.346 

NR - No end restraint conditions 
FR - End nodes of model fixed in all directions 

CONCLUSIONS 

1. 
become increasingly conservative for values of Lr greater than approximately 0.4. 

2. 
increaing enhancement for L, values greater than 0.4. 

3. Further validation of the elastic-plastic reference stress method for up to L, values of about 1.0 has been 
presented by experimental and analytical comparisons. Although a more detailed method, its application gives a best 
estimate of crack opening displacement which may be substantially greater than small scale plastidity models. 

4. 
opening area for through-wall bending stresses resulting from welding residual stresses or geometry discontinuities. 
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DETERMINATION OF LEAKAGE AREAS IN NUCLEAR PIPING 

E. Keim 
SiemensKWU 

ErlangedGermany 

INTRODUCTION 

For the design and operation of nuclear power plants the Leak-Before-Break (LBB) behaviour of a piping component 
has to be shown. This means that the length of a crack resulting in a leak is smaller than the critical crack length and 
that the leak is safely detectable by a suitable monitoring system. The LBB-concept of SiemensKWU [ 11 is based on 
computer codes for the evaluation of critical crack lengths, crack openings, leakage areas and leakage rates, developed 
by SiemensKWU. In [2] the experience with the leak rate program is described while this paper deals with the 
computation of crack openings and leakage areas of longitudinal and circumferential cracks by means of fracture 
mechanics. 

The leakage areas are determined by the integration of the crack openings along the crack front, considering plasticity 
and geometrical effects. They are evaluated with respect to minimum values for the design of leak detection systems, 
and maximum values for controlling jet and reaction forces. By means of fracture mechanics LBB for subcritical 
cracks has to be shown and the calculation of leakage areas is the basis for quantitatively determining the discharge 
rate of leaking subcritical through-wall cracks. 

The analytical approach and its validation will be presented for two examples of complex structures. The first one is a 
pipe branch containing a circumferential crack and the second one is a pipe bend with a longitudinal crack. 

MODELS FOR CRACK OPENING DISPLACEMENTS AND LEAKAGE AREAS 

The analytical model is based on solutions of crack opening areas in plates containing through-wall cracks. Analogous 
to the assumptions in plates relations between crack area, through-wall crack length and loading are established for 
through-wall cracks in cylindrical structures (pipe lines, pressure vessels etc.). 

In general, the method is founded on well known relationships between the displacement of the crack surface due to 
external load and by taking into account the plastic zones at the crack tip. The leakage area is the integral of the crack 
opening displacements V(x) along the crack front x, where 0 < x < c: 

A(2c) = 4 I v (x) dx (1) 

Applying a plastic zone size correction on the crack tip according to the Dugdale-model I31 the crack opening 
displacements can be given in a general form: 



v(x) = -.OF l + k  .(c+ p). [ coscp . I + a s e .  In[ (sine + 

87tG (sine - sincpI2 

3 - v  with k=- for plane stress condition, 
l + v  

k = 3 - 4v for plane strain condition 

v = Poisson's ratio; E = Young's modulus; E G =  
2.(l+V) 

P = (A - 1) .C 
e=-, RQ . 

2QF 
Q = applied stress; oF = flow stress; p = length of the plastic zone. 

This generalised form is split up in more detail for the loaded and unloaded condition [5] and leads to methods for 
calculation of minimum (unloaded) and maximum (loaded) values. 

The leakage areas in cylindrical components (pipes and vessels) are estimated using the bulging functions a(h), which 
take into account the curvature of the cylinder and the crack orientation: 

A(2c)cyl= a(h) A(2c) 

with 

a(h) = 41 + 0.1 17A2 
a(1) = 1 + 0.11 + 0.16L2 

for circumferential cracks 

for axial cracks 

, rm = mean cylinder radius, t = wall thickness. 

For the calculation of the crack openings and leakage areas Siemens has developed an own code, called LECKV [4]. 
The verification of the theoretical model is performed by comparison with experiments and numerical calculations, 
where in [5,6] a comparison with the results of straight pipes is performed and in the next chapter special geometries 
are investigated. 

VALIDATION OF THEORETICAL MODELS 

The methods presented are compared to experimental and numerical results of complex structures. Two examples are 
analysed which c o n f i i  the applicability of the analytical models also for non straight pipes. 

d e  1: Circmferenfial crack in a D - ipe branch (HDR e xperiment E22.12. 271) 

This example demonstrates the application to a through-wall crack in a pipe branch which has a length of 1 SOo along 
the circumference. The crack is located in the intersection of two stainless steel pipes. Applying the program LECKV 
leads to minimum and maximum values for the crack opening displacement in the centre of the crack (COD) and the 
leakage areas. The pipe branch was loaded by a constant internal pressure and external bending moment. In [7] the 
experimental results are given at three different bending moment steps. 
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A comparison of the analytical and experimental results of COD is given in Figure 1, where following input data are 
used 

- crack angle: 180' 

- wall thickness: 12.5 mm 
- internal pressure: 105 bar - temperature: 310 "C 

- material: stainless steel 1.4571 

- outer diameter: 50 mm 

- bending moment: up to 1.4 1<Nm 

- flow stress: = 299.5 MPa RP,,, +Rm (rF = 
2 

The results show, that the experimental data are enveloped by the minimum and the maximum values of the analytical 
model, that means that a good approximation also for a complex geometry like the pipe branch could be performed. 
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COD 
[mml 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 f.4 

Fig. 1: Crack Opening Displacement for a Pipe Branch 
(Circumferential Crack, HDR Experiment E22.12) 
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Examp le 2: J.ondudina1 crack in a pipe bend [SiemensKWU finite element calculations) 

For a longitudinal crack in the crown of a main coolant pipe bend the leakage areas are determined. The crack opening 
area was assumed to be of a diamond shape for the minimum values and of trapezoidal shape for the maximum 
values. 

Following input data are used 

- crack length: 900 mm 
- outer diameter: 900 mm 
- wall thickness: . 45 mm 
- internal pressure: 100 bar 
- temperature: 310 OC 
- material: ferritic steel 20 MnMoNi 5 5 

- flow stress: OF = = 540 MPa. 
2 

The finite element calculations allows for the integration of the crack opening displacements along the crack fiont on 
the inner surface and on the outer surface. Those values are compared to the minimum and maximum solution of the 
analytical LECKV code, as shown in Figure 2. The agreement is very good. 

SIEMENS 

Leakage 
Area 
Imml 

0 1 2 3 4 5 6 7 a 9 10 
Internal Pressure [MPa] 

Fig. 2: Leakage Area of a Pipe Bend Under Internal Pressure 
(Longitudinal Crack, Main Coolant Pipe Bend) 
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SUMMARY 

The calculation models for the determination of crack opening displacements and leakage areas are introduced in a 
general form. Besides the application of the models to through-wall cracks in straight pipes given in [5,6], examples 
for the evaluation of cracks in complex structures like pipe branch and pipe bend are demonstrated. A comparison 
with either experimental or numerical results leads to a very good agreement, so the LECKV program has turned out 
to be an effective tool in the assessment of cracks in piping applying the LBB-concept. 
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Efi'FECTS OF WELD RESIDUAL S'lX,ESSEs ON CRACK-OPENING AREA 
ANALYSIS OF PIPES FOR LBB APPLICATIONS 

P. Dong, S .  Rahman, and G. Wilkowski, Battelle, USA 
B. Brickstad and M. Bergman, SAQ, Sweden 

ABSTRACT 

This paper summarizes four different studies undertaken to evaluate the effects of weld residual stresses 
on the crack-opening behavior of a circumferential through-wall crack in the center of a girth weld. The 
effect of weld residual stress on the crack-opening-area and leak-rate analyses of a pipe is not well 
understood. There are no simple analyses to account for these effects, and, therefore, they are frequently 
neglected. The four studies involved the following efforts: 

(1) Full-field thermoplastic finite element residual stress analyses of a crack in the center of a girth 
weld 

(2) A comparison of the crack-opening displacements from a full-field thermoplastic residual stress 
analysis with a crack-face pressure elastic stress analysis to determine the residual stress effects 
on the crack-opening displacement, 

(3) The effects of hydrostatic testing on the residual stresses and the resulting crack-opening 
displacement, and 

(4) The effect of residual stresses on crack-opening displacement with different normal operating 
stresses. 

1. INTRODUCTION 

Leak-before-break (LBB) analysis from a U.S. nuclear regulatory view point has typically involved 
evaluating a hypothetical crack where the piping system is not susceptible to mechanisms which form long 
surface cracks, the stresses are low, and the leakage size crack at normal operating conditions is 
detectable and stable at seismic loads with some safety factors applied. However, the above approach 
can be restrictive as there are benefits to be gained by applying LBB arguments to situations where 
surface cracking mechanisms may exist or arise. In this type of LBB analysis, the technical 
considerations need to be more rigorous than those in the U.S. NRC draft Standard Review Plan 3.6.3 
for LBB . 



An important consideration in a more detailed LBB analysis for circumferentially cracked pipes is 
accurate prediction of crack-opening area (COA). At present, the development of COA models have been 
based on idealized conditions for cracked pipes. A compreheFive report on this subject can be found 
in Reference 1. Among some of the important issues, effects of weld residual stresses on crack-opening 
behavior in LBB analysis are not well understood. Recently, linear-elastic finite element analyses based 
on a simplified model using equivalent crack-face pressure were performed to study the residual stress 
effects (Ref. 2). Along the same line, Sanderson et al. (Ref. 3) employed a simple residual stress 
estimation scheme by imposing a prescribed temperature field along the girth weld. Similar results were 
obtained with the two methods. In addition, the results have shown that the effects of residual stresses 
are most pronounced on the crack-opening variations through the wall thickness. 

However, a more detailed assessment of the residual stress effects in COA predictions may be required 
in view of the following residual stress characteristics pertaining to girth-welded pipes: 

Hoop residual stresses of high magnitude are present in girth welds which may affect the 
crack-opening displacements. 

Axial residual stresses tend to exhibit periodic variations along the hoop direction, in 
particular, away from the weld centerline or near start/stop positions. 

Predeformation (thermoplastic) histories due to welding, which cannot be accounted for 
in linear elastic models, may have important effects on crack-opening area behavior. 

In this paper several different evaluations of the effects of residual stresses on crack-opening displacement 
for leak-rate analyses were made. These studies included more rigorous residual stress analyses based 
on detailed thermoplastic modelling of pipe girth welding process for a representative pipe weld. Crack- 
opening analyses were then carried out by introducing a circumferential through-wall crack in the residual 
stress model. The results are compared with the results obtained using linear elastic finite element tech- 
niques with the residual stresses simulated as a crack-face pressure. Additional analyses involving the 
effects of hydrostatic testing on the residual stress field and resulting crack-opening displacements, and 
the effects of residual stresses on the crack-opening displacement at different normal operating stresses 
were conducted. 

2.0 FULLFIELD THERMOPLASTIC RESIDUAL STRESS FINITE ELEMENT ANALYSIS 

2.1 Problem Defiition 

In this study, a through-wall-cracked pipe was used with an outer diameter of 812.8 mm (32 inch) and 
wall thickness of 15.9 mm (0.625 inch). The geometric details are shown in Figure 1. A six-pass girth 
weld was assumed in the residual stress model, where the welding start/stop positions were assumed at 
0 degrees measured from the positive x-axis. A crack size of 250 mm (9.84 inches) in length was defined 
with the crack center located at approximately 90 degrees counter clockwise. An internal pressure of 3 
MPa (430 psi) with equivalent end loading of 36.1 MPa (5.23 h i )  was used. The pipe material modelled 
was TP316 stainless steel. Temperature-dependent material properties were used in both thermal and 
mechanical analyses. The yield strengths for both base and weld materials were assumed to be the same, 
being 278 MPa (40.3 h i )  at room temperature. 
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Figure 1. Geometry detail of girth-welded pipe 

2.2 Finite Element Model 

There have been numerous published and unpublished reports where extensive experimental measurements 
indicate that residual stresses in pipe girth welds may not be axisymmetric (Refs. 4-6). The deviation 
from axisymmetry is believed to be dependent on a number of parameters, such as welding conditions, 
and pipe geometry. Past experience has shown that 3-D shell element modelling can be a cost-effective 
way to capture some of the important non-axisymmetric features in pipe girth weld residual stress fields. 
Thus, the 3-D shell element model, shown in Figure 2, was used to simulate the full-field residual stress 
distribution and to model crack-opening behavior. The shell finite element model consisted of 1,200 four- 
noded thick-shell elements. Half symmetry was imposed along the weld center line. A moving arc effect 
was simulated and assumed to starthtop at an angle of zero degrees measured from the positive x-axis. 
The details may be found in Reference 7. 

Figure 2. Shell Element Model 
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2.3 Finite Element Results 

Figure 3 shows the distributions of the axial and hoop residual stresses on both inner and outer surfaces 
of the pipe, respectively. Note that the scale for stresses is in m a .  The following observations can be 
made: 

... 

. 
Figure 3a. Final Axial Residual 

Stress: Outer 
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Figure 3b. Final Axial Residual 

Residual Stress: Inner 

. -.. * .... 

.... :.. : ...... . . . .  . t. . . *. . . ,. . ..I.._ . .  . .,. .. I .  . ... . 
..... . .  

Figure 3c. Final Hoop Residual Stress: Figure 3d. Final Hoop Residual Stress: 
Inner Surface Outer Surface 
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The axial residual stresses within the weld region were primarily in the form of bending 
across the wall thickness, with compression on the outer surface and tension on the inner 
surface. This feature was consistent with the results obtained with the axisymmetric 
model (Refs. 7 and 8). 

A relatively small periodic variation of the axial stress component along the 
circumferential weld was present. This variation was more pronounced on both the mid- 
section and remote from the weld center-line on the outer surface. The circumferential 
variation is characteristic of residual stress distributions in girth-welded pipes. Among 
the underlying mechanisms, it is believed that solidification history along the weld plays 
a major role. 

4 Hoop residual stresses were highest on the inner surface, which is consistent with the 
previous axisymmetric results (Reference 7). The hoop stresses were much more 
uniform than the axial residual stresses along the circumferential weld. This can be 
explained by the fact that the development of the hoop residual stresses are insensitive 
to the solidification history associated with the welding process. The restraint conditions 
along the weld, as far as hoop stresses are concerned, tend to be always high regardless 
of the arc position once quasi-steady-state conditions are established. 

Some of the above general characteristics are consistent with observations independently reported by other 
researchers (see Refs. 4-6). The axial residual stress distributions are plotted both across the pipe wall 
thickness and away from the weld center line in Figure 4. 

............................ 

M e r  proof PrsuureTest 

............................................... 

................................................. 

-4ooi 
0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0 3 H )  0 2 4 6 8 10 12 14 16 

Axial Distance (rnm) Thickness direction, rnrn 

(a) Away from the weld center (b) ThrOUgh-thicEmeSS 

Figure 4. Axial residual stress distributions 
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3.0 FINITE ELEMENT COA ANALYSIS PROCEDURE 

Two methods for accounting for weld residual stresses on the crack-opening displacement were used for 
comparison purposes in this investigation. The first method assumed that superposition principles for the 
residual stress effects were applicable in the crack-opening analysis (Ref. 2). It will be referred to as, 
crack-face pressure method in this paper. The second method involves extension of the detailed finite 
element thermoplastic modelling of the weld residual stresses described earlier by incorporating the crack 
into the shell element model. 

3.1 Analysis Using Crack-Face Pressure 

With this method, the as-welded residual stresses (Figure 4) estimated in Section 2.3 were applied as 
equivalent crack-face pressure, assuming that superposition principles were applicable in this situation 
(Ref. 2). Linear elastic finite element analysis was performed to compute the crack-opening area. Note 
that the prior deformation history due to welding was ignored here. The finte element model, consisting 
of 2,400 twenty-noded brick elements is shown in Figure 5. Again, half symmetry was assumed along 
the weld center line, and the circumferential crack is assumed to be in the centerline of the weld. 

3.2 Analysis Using Full-Field Residual Stresses 

In this part of the study, the COA analysis was carried out as a natural extension of the thermoplastic 
residual stress d y s i s  (see Section 2.3). The introduction of the crack (250 mm [9.8 inches] in length) 
was accomplished by gradually releasing the nodes representing the entire length of the through-wall 
crack. All prior stresskitrain histories were retained as initial conditions throughout the COA analysis. 

3.3 Crack-Opening Displacement Analysis Results 

Crack-opening results obtained from the two approaches are plotted in Figures 6-8 for three cases: linear 
elastic analysis with pressure loading only, residual stresses, and combined residual stresses and pressure 
loading. Battelle's solutions in both Figures 7 and 8 were obtained using detailed nonlinear 
thermoplastic solutions for residual stresses. Note that oscillation of the shell element results was due to 
the fact that the four-node shell elements with reduced integration in ABAQUS tend to introduce hour- 
glass deformation modes which could be reduced by either refining the model or specifying appropriate 
hour-glass control parameters. Given the exploratory nature of this effort, the results were believed to 
be adequate based on past experience. Data-smoothing techniques can be used to extract the crack- 
opening profiles. 

It is as expected that the linear elastic COA results under pressure loading conditions (Fig. 6) agreed well 
between the shell and solid element models. The net crack-opening area was controlled by the inside 
diameter edge of the through-wall crack. 

The COA results predicted due to only residual stresses showed that the net crack-opening area was 
controlled by outside diameter edge of the through-wall crack by both analysis techniques. The 
discrepancy between the shell element model and solid element model results (Fig. 7) was not significant. 
The shell element analysis took into account the thermoplastic history due to welding, while the linear 
solid element analysis only considered the equivalent crack pressure derived from Figure 4. 
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Figure 5. Solid element model 
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Figure 6. Total crack-opening displacement under pressure 
loading only (linear elastic solution) 
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As pressure loading was applied, pure elastic loading or unloading was no longer present in the shell 
element model. The contributions to COA due to nonlinear crack-tip behavior became more dominant 
due to the presence of both high residual stresses (yield magnitude) and plastic straining histories in the 
weld area. As a result, the difference between the elastic (SAQ) solution and non-linear shell analysis 
become more pronounced, as shown in Figure 8. The presence of prior plastic straining rendered higher 
COA values under pressure loading conditions due to additional plastic deformation at the crack tips. 

As a circumferential crack was introduced, the high tensile hoop residual stresses (along the crack plane) 
were also redistributed in the cracked area, as shown in Figure 9. As a result of this redistribution, the 
cracked-pipe wall tends to be bent in the radial direction towards the center of the pipe. This bending 
effect is believed to be more pronounced as the crack length increases. 
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Distance from Weld Centerline (mm) 
(a) Before 
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3-100 -. 

= -200 -7 

0 
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Distance from Weld Centerline (mm) 
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Figure 9. Hoop stress distributions before and after a crack was introduced 

The above observations have demonstrated that to clearly understand the residual stress effects on crack- 
opening behavior requires detailed information on weld residual stresses and pre-defonnation histories 
of the girth welds. For this purpose, full weld residual stress simulations using advanced finite element 
techniques can be performed on selected cases. The lack of detailed information about weld residual 
stresses was probably among the reasons why the analysis performed recently by Deschanels et al. (Ref. 
9) showed insignificant contributions of the residual stresses to crack-opening behavior. 
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4.0 EFFECTS OF PROOF-PRESSURE TEST ON RESIDUAL STRESSES AND COD 

It is generally accepted that proof pressure tests reduce weld residual stresses, depending on pressure level 
applied. An important issue is how the crack-opening behavior will be influenced by such proof-pressure 
tests. Within this context, the residual stress model shown in Figure 2 was used to assess the effects of 
proof-pressure tests. The full-field residual stress results obtained in Section 2.2 were used as initial 
conditions in this model. A proof-pressure test with a pressure loading of 7.7 MPa (1,117 psi) and 
consistent end loading in the axial direction was then simulated. The reduction of the residual stresses 
was illustrated in Figure 4. Figure 10 shows the crack-opening profiles for a crack of the same size as 
before. It is evident from comparisons with Figure 10, that the crack-face rotations (signified by the 
difference in COD between the inner and outer surfaces) was significantly reduced. 

Figure 11 shows the crack-opening displacement results at room temperature after the operating pressure 
of 3 MPa (435 psi) was applied with consistent end-loading conditions. It is clearly indicated that the 
crack opening measured by the pipe outer surface was significantly increased as a result of the proof- 
pressure test. Figure 12 compares the outer crack-opening profiles with and without proof-pressure 
loading effects, as taken from Figures 8 and 11. 

5.0 EFFECTS OF OPERATING STRESS LEVEL 

Under typical operating conditions, the effects of residual stresses on crack-opening can be variable 
depending on the operating stress levels. To assess the effect of through-wall bending residual stresses 
on the COD as a function of normal operating load (bending moment only), the crack-face pressure 
analysis results from Reference 1 were used. Since the analyses performed in Reference 1 were linear- 
elastic, the effects of residual stresses for pipes with any other applied load levels could also be evaluated 
by linearly scaling the results for given residual stress distributions (Ref. 1). 

Based on linear scaling, Figures 13 and 14 show the percent change in center COD due to the inclusion 
of residual stresses for both thicker-wall [Le., greater than 25-mm (1-inch) thick] large-diameter and 
thinner-wall Dess than 25-mm (1-inch) thick] smalldiameter pipes, respectively. In both figures, the 
horizontal axis defines the applied moment that corresponds to an applied elastic stress as a percentage 
of ASME Service Level A stress limits. The vertical axis represents the difference of the calculated 
center COD with residual stresses (a,+=) and without residual stresses (6,) normalized by the center 
COD without residual stresses. In general, the effects of residual stresses are significant when the normal 
operating stresses are lower. Relative comparisons of the crack-opening results in Figures 13 and 14 
indicate that at any given applied load the residual stress effects are more severe for the thin-walled small- 
diameter pipe than for the thick-walled largediameter pipe. 

According to Figure 13, for the thick-walled largediameter pipe, the calculated center CODs which 
account for residual stresses are larger than those estimated without residual stresses at both inner and 
outer surfaces of the pipe. The assumed residual stresses were in the form of tension-compression-tension 
from the inner surface, as given in Reference 1. However, the center COD at the mid-thickness location 
can be smaller when the residual stresses are considered. For the thin-walled smalldiameter pipe, the 
results are shown in Figure 14. In this case, the residual stresses were assumed to be in the form of 
bending with outer surface being under compression. The calculated center COD with residual stresses 
are higher at the inner surface and lower at the outer or middle surfaces than those without residual 
stresses. Consequently, the crack-opening area and the subsequentleak-rate calculations can be affected 

292 

-- . . . . . . - . ... . . . ~ ~ . . .  . -  



0.6 

0.5 
E 
E 
; 0.4 
C al 
$ 0.3 
0 
m = 0.2 
0 
m 0.1 

v) - 
C 
C 
- 
g. -0.0 

0 -0.1 
2 
0 

-0.2 

-0.3 

s 

n o  

71 

0- --e---- 0-3- e---- 0, '. 

- Residual Stress Only 

- Do - 812.8 mm (32 Inches) - 
t - 15.9 mm (0.63 inch) 
2c - 250 mm (0.84 Inches) [elm - 0.11 
After proof test at 7.7 MPa (1116 psi) - 
p - 3.0 MPa (435 psi) 

- inner 

- 

Battelle Solution 

- 

Middle --. __-- .---'-. 1 

d 
/e---- 

'.A/-- 

.---.-.----m---- 
A----A---- A---- A / / / ,  

." me--- -A---- A---- 
q--- 

// 
- '  \ 

0 ter - 

- 
I 

1 1 1 t 1 " ' 1 ' ~ ' ~ ' ~ ' ' '  

u.0 

OS7 

0.6 

0.5 

0.4 

---- Battelle Solution 
- Pressure+Residual Stress 

- Do - 812.8 mm (32 inches) 
t - 15.9 mm (0.63 inch) - 

- 2c - 250 mm (0.84 inches) [elm - 0.11 
- After proof test at 7.7 MPa (1 11 6 psi) 
- p - 3.0 MPa (435 psi) 
- 

I 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Normalized Crack Front Distance (x/2c) 

Figure 11. Total crack-opening displacements due to residual stresses: 
after proof-pressures test 



Pressure+Residual Stress 
D, - 812.8 mm (32 inches) I ~ - - - - Battelle Solution I 
t 1 15.9 mm (0.63 inch) 
2c - 250 mm (0.84 inches) [e/n - 0.11 
p - 3.0 MPa (435 psi) 

I I 

0.5 

0.3 t 
0.2 1 

After proof test at 7.7 MPa (1 11 6 psi) 
/ 

.A- ~ 

I I I I I  

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Normalized Crack Front Distance (x/2c) 

Figure 12. Comparison of CODs predicted with and without 
proof-pressure loading effect 

40 1 \\ 

-\> in I --.- 

----- Middle Surface 
----- Outer Surface 

.- 

__-_--e -- - --------- 0 

-40 1 / 
-2.4 Yo 

Thicker-Wail Large-Diameter Pipe 

-50 ' ' * 
I t I I 1 

0 25 50 75 I O 0  125 150 

Applied Moment, % of Service Level A 

Figure 13. Percentage change in calculated COD due to residual stress as 
a function of applied moment for the thick-walled. lame-diameter nine 



200 I I 

Inner Surface 
-------- Middle Surface 
- Outer Surface 

lo 
B 
o l- 5 0 1  17.1 % 
x I 

Thinner-Wall Small-Diameter Pipe -150 t ,/ /' 
l j  

-200 ' ' ' 1 I I I I I 

0 25 50 75 100 125 150 

Applied Moment, % of Service Level A 

Figure 14. Percentage change in calculated COD due to residual stress as a function 
of applied moment for the thin-walled, small-diameter pipe 

by the residual stresses in those pipes. In particular, when the values of S,+= and S, are such that (&+= 
- 6,) x lOO/6, (the variable in the vertical axis) reaches a value of -100, the calculated center COD with 
residual stresses becomes zero. Hence, there would be no leakage even for a pipe containing a through- 
wall crack, which clearly demonstrates how important the residual stresses are for the leak-rate 
calculations. This is especially true for the thin-walled smalldiameter pipe in which case the results in 
Figure 14 predict that due to the residual stress, the outer surface of the pipe will close (thus preventing 
any leakage) when the applied load is equal to 28.6 percent of the ASME Service Level A stress limit. 
Similar calculations can also be made for the middle surface of both pipes, but the trend curves in Figures 
13 and 14 suggest that for closure to occur, the applied stresses would have to be very small, Le., 2.60 
and 10.5 percent of the ASME Service Level A stress limit for the thicker-wall largediameter and 
thinner-wall smalldiameter pipes, respectively. 

Finally, the above results of COD should be viewed as the preliminary estimates for the residual stress 
effects. In this case, no efforts were undertaken to determine the accuracy of this approximate finite 
element analysis using the linear elastic crack-face pressure method compared with more rigorous thermo- 
plastic finite element analysis, where the residual stress field is numerically simulated. 

6.0 IMPLICATIONS of RESULTS FOR LBB APPLICATIONS 

A consideration not evident in Figures 13 and 14 is that these results are only for the center crack- 
opening displacement, not area. There are four other consideration in determining the significance of 
these results. These are: 

(1) Even if the center COD does not close all the way, there may be at some point along the 
crack closer to the crack tips where the crack faces do close. In fact this is evident in 
Figure 8 where the effective crack length with the residual stresses is about 70 percent 
of that without residual stresses. For a given leak rate, this effective crack length will 
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change with the magnitude of the applied residual stresses, where the higher the applied 
stresses the shorter the effective crack length becomes. If the center COD change with 
residual stresses is known, and it is assumed that the crack is elliptical in shape, then one 
can calculate the change in the effective crack length. This approach would have to be 
validated to see if the center COD from just the residual stresses changes much with 
crack length and if all these effects are additive. Crack closure effects need to be 
investigated as well. 

The effect of tk;e crack-face rotation on the leak rate needs to be determined. For 
example, the results in Figures 10, 11, 13, and 14 show that the COD at the outer 
surface is smaller and the inner surface COD is much larger than normally calculated. 
The net effect of the pressure drops needs to calculated on the leak rate. Using the 
SQUIRT Code (Ref. l), it was found that if the center COD was the same for parallel 
crack faces and rotated crack faces, the leak rate had a negligible change. If this is true, 
then the main effect of the residual stresses on COD may be in the change in the effective 
crack length described above. 

In Figure 8, it can be seen that the magnitude of the COD values from the elastic crack- 
face pressure (SAQ) analysis and the full-field residual stress analysis at the outside 
surface location were significantly different. Although more refined analysis may be 
required to eliminate the data oscillations for the Battelle results, it appears that the SAQ 
results are generally lower. Interestingly, in Figure 7, the crack-face pressure (SAQ) and 
full residual stress (Battelle) results for just residual stresses with no applied loads are 
very similar. Thus, the differences between these two methods with applied loads are 
likely to be due to inelastic deformation in the full-field residual stress model. 

The hydrostatic test analysis showed that pressure testing to higher levels than typically 
done in the ASME Code will help relieve the weld residual stresses and result in a larger 
crack opening, and hence leak rate at a given load. This helps to ensure LBB can be 
satisfied, although the differences in the leak rates for these crack openings still needs to 
be calculated. 

7.0 CONCLUDING REMARKS 

Preliminary analysis of crack-opening behavior considering residual stress effects has been performed by 
finite element methods using both crack-face pressure and full-field residual stress solutions. In the latter, 
the full-field residual stresses and predeformation history were obtained by detailed thermomechanical 
simulations of the girth welding process. The following observations can be made: 

Weld residual stresses can play a significant role in the crack-opening behavior of 
circumferential through-wall cracks. For the pipe configuration studied here, a strong 
bending feature of the axial residual stress component was present. As result, the crack- 
opening displacement showed a strong variation across the pipe wall thickness and a 
significant crack closure effect at the outer surface of the circumferential through-wall 
crack. 



~ 

The introduction of a circumferential through-wall crack resulted in redistribution of the 
axial residual stresses as well as the hoop residual stresses. The effects of hoop residual 
stress may be secondary, but could become important as the crack length increases. 

Non-linear COA analysis for operating loads combined with full-field weld residual 
stresses is likely to provide a less pessimistic estimate of COA than superimposed linear 
elastic solutions. 

The crack-face pressure method seems to underestimate the crack-opening area under 
operating load conditions. Using initial stress methods by specifying given axial and 
hoop residual stress distributions near the weld could improve the performance of linear 
elastic finite element predictions. 

Detailed information on full-field weld residual stresses is essential in understanding the 
crack-opening behavior for leak-before-break applications. The present shell element 
modelling technique proves to be cost-effective for this purpose. 
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S. Rahmap (vniversi of Iowa 

F. Brust, N. Gha$ah, and G. X h  mows (Battelle) 
N. Wura (CRIEPI/Japan) 

ABSTRACT 
Leak-before-break (LBB) anal ses for circumferentially cracked ipes are currently bein conducted 
in the nuclear industry to just& elimination of ipe whip res@& and jet impingement skelds which 
meti9dology fie uently re uires calculafion of jeak rates. The leak rates Jepend on the crack- 
opemng area of &e throug%;wall crack m @e ipe. Iq addition to LBB analyses which assyne a 
hypothetical flaw size, there is also interest m &e mtegrity of qctual lealung cracks corresponding to 
current leakage detection requirements in NRC Regulatory Guide 1.45,. or for assessing temporary 
repair of Class 2 and 3 pipes that have leaks as are bemg evaluated in ASME Section XI. The 
objectives of this study were to review evaluate, and refine. current redictive models for performin 
crack-opemng-area analy!es of circderenfiall cracked i es. d e  results from twenty-five .fylf 
scale pipe fracture experunents, conducted m &e Degradg %p@g Pro r m ,  the International Pipmg 
Inte rity Research Group Pro ram, and the Short Cracks m Pi mg andsipmg Welds Pro ram, were 
quantitatively the qcqurac of the predictive models. The evaluaion also involved finite element 

1. Introduction 
The ap lication of the leak-before-break (LBB) methodolo fre uently. requires determination of leak 
rates. ?n addition to LBB analyses which assme a hypo&ical%aw size, there is @so interest in the 

of actual lealung cracks corresponding to current leakage detection requlrements in NRC 
are bein evaluated in ASME Section fi. Generzy, &e I@-rate calculations are. performed- for one 
of the h o w i n  two u oses: (1) given a flaw size i e dunension, material rojerties, and 
loadin it is &sired Po'Rnow the crack-openin area'(E8A and correspondin h i d  flow rate 
througk a crack to detemne whether the given-faw size wou 1 d result-in-a reliabfy detectabl-e leak 
rate and (2 given a leak rate with known pipe dunension, material properties, and loading, it is also 
desired to &ow the COA and the corresponding flaw size which is subsequent1 used to evaluate its 
subsequent lez-rate evaluations. Bes& the finite element method,. there are a number of 
engineering (or estimation] methods which are available m the current literature to detemne the 
crack-opemng for a pipe with a circumferential crack. However, due to the lack of systematic studies 
involving combined experimental and myt ica l  efforts, the accuracy of these methods for different 
pipe materials, crack geometries, and loading conditions have yet to be evaluated. 

are resent because of the expected dynarmc e R ects from pipe rupture. The a plication of the LBB 

u s 2  to. verify the analytica 5 models. Standard s ta t is t id  anal ses were performe$ to assess 

analyses for detemmng x e crack-opemng profile often needed to perform leak-rate calculations. 

Regula Integrity ory Guide 1.45, or for assessin tempora re air of Class 2 and 3 pipes that have leaks as 

fracture stabili . For either. of the two urposes accurate models are neede B to predict COA for 

2. Elastic-Plastic Fracture Mechanics Models 
Fracture-mechanics models are often re uired to evaluate the fracture response and crack-opening of a 
throu h-wall-cracked (TWC) pipe. In 4h is paper, the elastic-plastic fracture mechanics models were 
fracture mechmcs methods: (1) fimte element or numerical methods, and (2) engineering 
used 4 o determine the accuracy of crack;opemng predictions. There are two types of elastic-plastic 
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approximation (esthpation) methods. A finteeelement analysis can always be performed to determine 
accurate crack-opem dlsplacement and precise crack-opemg area for a gyen pipe eometry, crack 

routine l!BB evaluations. dn @e other hand, smple mathematical models, o en refeqed to as the 
estimation methods can be applied to d e t e m e  approxhqte crack-opening charactemtics of a TWC 

However, these methods regure vmous assumptions necessary to minmze Qe need for 
%?hate numencal .analysis. T icall , such ass tions lead-to sim ler re resentations of the 

conditions. In 
this paper, both a t e  element and estunation methods were used for &e crack-opening predictions. 
2.1 Estimation Methods 
Consider a sim le TWC pipe with mean radius, .%, wall.@ickness, t, and a crack angle, 28, located 
pipe may be under a pure fendin moment, M; or pure tension (axial), P, due to internal pipe 
pressure, p; or combmed bendm 1 8 and tension (P). Figure 1 shows-a schequtic representation of 
a TWC pipe sub’ected to com iq ical estunation scheme, it is 

of a crack,. 6 and A’, @e reievant crackdnvmg force, J, and center-crack-o e m g  displacement, 6, 
allow addibve decompositxon mto elastx and plastic components given by (Ref!. 4 to 16) 

me,  and matenal. gwever ,  for most practical LBB ap lications, a full fmte elemen f computation is 

R not alwa s necessary,. Also such computations are too 9 ime-coqurmng and ex ensive to be used for 

material’s stress-s@m behavior, F r l  aw s ape and onen ””% tion, loadm an B &  boun 

m the center o 4 the bendmg lane. Several loadmg conditxons can be considered. For example, @e 

generally assume d that the load-pomt rotatio-n .and m a l  displacemen?& stretch).due fo the presence 
bendmg and tension. In a 

Q = 4: + 4; (1) 

J = J, + Jp 

6 = 6, + 

(3) 

(4) 

where the subscripts “e” and “p” refer to the elastic and plastic contributions, respectiyely. In the 
elastic-ran e 4: and M, and 4 .and P are unique1 related. In 5ddition if the deformation the0 
plasticity %o’lds, a w q u e  relationshlp also exis% between 
relationships provide important information in determining J or b D  in a pipe (Refs. 5 to 16). 

and h-I and A; and P. 

Figure 1. Schematic represenetion of ipe yith a circqnferential 
through-wall crack subjected to !endug and tension 



Five different estimation methods that are current1 available in the literature .were considered for 
predicting fracture response and crack-opemg dlsJacements of a clrcumferential TWC pipe under 
various loads. They are the: 

GEEPRI method 

Earlier studies on fracture res onse and crack-opening in pi es .were concerned for the most art with 
larger cracks (1.e. 8/n 2 38 percent) where the n o d  failure stresses were below iefd. The 
estm!ion metho& developed to date, so-me of whch are considered. here, are we{-suited for 
anal of these methods to p r d c t  crack-o e m g  for small 
concern in practical LBB analyses. A short crack. is typical of one for LBB analyses in large diameter 
pipes. Indeed, the finije element solutions com lled in the GEEPRI handbook (Ref. 6 can become 
functions were developed. by Battelle with particular .emphas& iven to short-cracked pipes. The 
explicit details of these fimte element calculations are dlscussed m%eference 4. 
3. Validation of Analytical Models 
3.1 Finite Element Analyses of a Through-Wall-Cracked Pipe 
As part of the Short Cracks in Piping and Pi ing Welds Program, a full threediqensional finte 
bendin loads. The data used to veri the a t e  element r. ictioq were obtamed om Experiment 
mm (28-inch) nominal diameter Schedule 60 &&Grade 60 carbon steel unwelded pipe with a short 
circumferential through-wall crack which has. length equal to 6.25-percent .of the ipe circumference. 
Such crack lengths are LBB .applications for larger diameter pipes. Bigye 2 shows the 
Figure 3 shows the cross-sectional geometry 111 the cracked section and mtrumentation for collectmg 
experimental data. 

pipes with large cracks. The abdi 
c r a c y d h  5 12 percent) has not been esta % lished even though such small crack are often the 

inadequate for small-sue cracks. In t@s stud$, new finite-element results of G E E  4 e influence 

e% R element analysis was conducted to predict crac pc -opening dis lacement in a W C  ipe under pure 
1.l.l.A and were also developed 111 2 e same ro am. #ius expenment was conduqted on a 711.2- 

longitudinal dimensions T o the pipe sections wed to make up @e specwen for Experment 1.1.1.21. 
ical 

E 

i ,Tkarfl-rdlcroct 

Figure 2. Schematic of pipe used in Experiment 1.1.1.21 



Figure 3. Schematic of crack eometry and * entation 

A three-dimensional. elastic-plastic finite element model was develop.@ to analyze a i s  ipe 
e erunent. The firute element model consisted of a 1/4 s etnc ortion of the pipe with &ee 
dgerent cross-sections. It consisted of 579 elements and ml no&. The number of elements 
through @e thickness.was pne. The finite element analysis was performed under displacement control 
to a w u m  load-lme .&splacement of 160 mm (6.3 inches). Based on the ex erimental.data, the 
crack mtlated at a load-lme displacement of 62.5 mm 2.46 mches). Crack growk calculations were 
performed using the ABAQUS (Version 5.3) code (Rei. 17) with several load steps. The first load 
step was up to crack initiation. Subsequent steps copsisted of releasin appro riate crack front nodes 
wMe simultaneously increasin the load-lme dis lacement. ' de  crac\-growth and ap lied 
of crack-openmg dis lacement followmg crack mtiation were based on crack growth data from the 
test. As an alte&ve, the cqck growth criteria based on J-integral evaluations could have been 
used, but were not adopted m t h ~ s  particular analysis. 
Fi e 4 shows the plots of total load versus center-crack-opening displacement from the experiment 
an%e three-dimensional finite element calculations. The analysis results compare ve well with the 
operung displacement versus load-he displacement avadable m Reference 4 a!so showed good 
compansons with corresponding experimental data. See Reference 4 for further details. 

near the crack for &riment 1.1W 

displacement data were obtained a om-the expe@qen$ record. Hence, the fimte element predicions 

The results of. predicted load verse load-Jine displacement an K center-crack- expemenpl data. 

1200 14w] ,- =-.oqv Gprimant 1.1.1.21 

30 F* Elamant Aruiysir 

I 
2 4 0 8 10 12 14 16 

Conle+Cn&-Opming Uirpl-wn, mm 

Figure 4. Comparison of predicted load versus center-crackspening 
displacement for Experiment 1.1.1.21 



3.2 Experimental Verification of Estimation Models 
A to@.of twenty-five fullrscale pipe fracture e eriments were analyzed to determine the predictive 
capability of the COA-estmtion models consizred m thIS study. In all of these exppments, the 
pipes had circumferential through-wall cracks. Two cases of crack geometry. were considered. One 
was a simple through-wall crack which has-the same crack length on the wide  and outside r p e  
diameter m terms of percenta e of pipe clrcumference. The other .was a complex-crack w ich 
consists of a 360de ree q t e d s u r f a c e  crack.@at penetrates the pipe tluckness for a shorter throu h- 
wall-crack length. gee Figure 5 for the defbtions of these two crack geometries and the associafed 
crack-size parameters. 

13) C o r n p l - 4  

Figure 5. Various through-wall-crack geometries and definitions of their parameters 
The ex eriments involved both austenitic and femtic steel pi ing wi@ cracks 1ocat.d in the base 
metal, L e  weld metal, and the fusion lme of a bunetallic welt!. A wide ran e of pipe (outer) dia- 
meters from 114.3 mm 4.5 inches) to 1067 mm (42 inches) were consider2 The lnitial through- 
circumference. For the pipes with com lex-crack geometry, the 360-de ee internal surface crac 
were both shallow and deep and the de &ls of these cracks varied from to 64.percent of the pi e 
thickness. In all experiments, the crac%s were placed in the center of the bendmg @ne. For &e 

ipe tesrin whch case the crack was placed.along @e fusion line between &le femtx base metal and 
Pnconel weld metal (see demls 111 a forthcom section). The test tem erature vaned from 7 C (45F) 
rest of the experunents at 288 C (550 7. n e  loadmg con8ions were ure bendmg, w e  tension, 
and combined bending and tension. qll oadmg rates were quasi-static. fable 1 shows !he summary 
of pipe fracture experunents analyzed m thIS study. 
3.2.1 The NRCPIPE Computer Program 
The NRCPIPE computer code was developed to perform elastic-plastic fracture-mechanics analysis for 
establishing the fracture-failure conditions of a piping s stem in terms of sustainable load (or stress) 
or displacement (Refs. 1 and 3). For nuclear a p&ations, engineering elastic- lastic frachqe- 
mechanics techniques are based on the !-integral frackre parameter. To perform a gacture .analysis, 
the user provides the input data despibFg the i e and crack eometries, material stress-stram curve, 
and fracture resistance of the q t e n f l  i.e:, a SI! curve). as ob%ined from a laboratory test specunen. 

Rs wall crack lengths were b 0th short and long and ranged between 6.25 and 38.6 percent of the pi e 

welded jpe tests, the cracks were located m the center of the weld, exce t for @e i metallic weld 

to 288 C (550 F) with one experunent at 7 2(45 F), one e .  e m e n  P at room temperature, and-the 

A wide variety of results for a pipe mc I udmg crack-openmg-area predictions can be obtamed. 



ne-NRCPIPE code was originally developed under the De raded Piping .Pro ram (Ref. 1). A 
sigmficant amount of development and numerous enhancemenk were made m $e Short Cracks in 
Pipin and Pipin Welds Program (Ref. 3). Further details on these enhancements can be obtained 
from geference d 
The pipe fracture e eriments listed in Table 1 were analyzed by the various estimation methods 
descnbed earlier. Affof these methods considered in this pa er are available in the current version of 
the NRCPIPE code (Version 2.0). All crackspemg resuhts for the anal ses of these experiments 
were generated usvg th~s ro am. The detads of ut data consistin oYmatenal propqties, pipe 
and crack geometries, and poag can be obtained from%eference 4. Ox&, the results are discussed in 
the forthcoming sections. 

Table 1. A list of 25 quasi-static pipe experiments for crack-opening-area analysis 

PiDe Outer Temper- 
T& D i e t e r ,  ai&,  law Loading 
No. mm Schedule Material C Shape(’) 2a/zD,” d/p) Condition's Reference 

ja) Pipe Experiments with Base-Metal Cracks (19 Experiments1 

1.1.1.21 
1.1.1.26 
4111-1 
41 11-2 
41 11-3 
4121-1 
4131-1 
4131-3 

1-8 
41 13-1 
4113-2 
4113-3 
41134 

4113-6 
4114-1 

41 14-3 
41 144 

4113-5 

41 14-2 

1.1.1.23 
1.1.1.24 
4141-1 
4141-5 
41 11-5 

I. 1.1.28 

71 1 
106 
114 
711 

1067 
168 
166 
274 
399 
168 
168 
168 
168 
168 
168 
165 
166 
413 
413 

711 
612 
168 
168 
720 

930 

60 
160 
80 
60 

NA(e) 
120 
120 
100 
100 
120 
120 
80 
80 
120 
120 
120 
120 
100 
100 

80 
80 
120 
120 
80 

A515 Gr. 60 
TP316L 

A333 Gr. 6 
A515 Gr. 60 

TP304 
TP304 
TP304 

A333 Gr. 6 
A106 Gr. B 

TP304 
TP304 

Inconel 600 
Inconel 600 
A106 Gr. B 
A106 Gr. B 
A106 Gr. B 

TP304 
TP304 
TP304 

288 
21 
288 
288 
7 

288 
288 
288 
288 
288 
288 
288 
288 
288 
288 
288 
288 
288 
288 

TWC 
TWC 
TWC 
TWC 
TWC 
TWC 
TWC 
TWC 
TWC 
cc 
cc 
cc 
cc 
cc 
cc 
cc 
cc 
cc 
cc 

0.0625 
0.244 
0.370 
0.370 
0.370 
0.386 
0.370 
0.370 
0.120 
0.370 
0.370 
0.370 
0.370 
0.370 
0.370 
0.370 
0.370 
0.373 
0.373 

fi) Weldea Pipe Experiments (5 Experiments)w 

TP316L SAW 288 TWC 0.0625 
A333 Gr. 6SAW 288 TWC 0.079 

TP304 SAW 288 TWC 0.371 

TP316SMAW 288 TWC 0.370 
TP304 SA-SAW 288 TWC 0.383 

0 
0 
0 
0 
0 
0 
0 
0 
0 

0.32 
0.63 
0.34 
0.61 
0.31 
0.64 
0.47 
0.32 
0.34 
0.34 

0 
0 
0 
0- 
0 

(c) Bimetallic Weld Pipe Exueriment (1 Experiment)w 

160 A516Gr. 70/F316/ 288 TWC 0.359 0 
Inconel 182 SMAW 

B 
B 
B 
B 
B 
T 

B+T 
B+T 
B+T 

B 
B 
B 
B 
B 
B 
B 
B 
B 
B 

B 
B 
B 
B 
B 

B 

3 
3 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
I 
1 
1 
1 
I 

A 0  

3 
3 
1 
1 
1 

3 

(a) TWC = simple through-wall crack; CC = complex crack 
(b) 2a = through-wall crack length at mean pipe diameter; D, = mean pipe diameter 
(c) d = depth of 360degree internal surface crack in a complex-cracked pipe; t = pipe wall thickness 
(d) B = pure bending; T = pure tension (pressure); B+T = combined bending and tension (pressure) 
(e) Not applicable 
(0 Data were developed in the IPIRG-2 Program at Baaelle (See Reference 2 for information on the IPIRG Program) 
(g) SAW = submerged-arc weld; SMAW = shielded-metal arc weld; SASAW = solution-annealed submerged-arc weld 

304 



O W  
4 

t 
008 g - 

P 

OOZL 6 6 
f 

00s L 

I I 0002 



Figures 8 and 9 show the plots of total load versus center-crack-o ening dis lacement for the two 
complex-cracked pi es with bye-met4 cracks from Eqerunents 4153-1 and $113-2, both of which 
were performed un er four-pomt bendmg without an mternal. ressure. These lots contam results 

.from the W y s e s  by the LBB.ENG2 method wi& and wi out constramt actor, C, and the 
correspondm expenmental data. The. constramt factor CF denotes @e ratio of J-R curves from the 
com lex-cracted gipes and C T) specunens and was obtamed expenmentally m Reference 18 as a 
caiculations, it was assumed that the smp e TWC pipe estunation fopulas from the BB. NG2 
method can be a plied to arlalyze complex-cragked pi es by adjusting pi e radius and wall thiqkness 
via R', = R, f d 2  and t = t - d, respectively. frowever, the res& suggest that thrs ad usted 
estimation model' (LBB.ENG2) with-either case ,Of J:R curves overestimates the COD at all load 
levels. ms can be explameg by notmg that the e ivalenty thou h-wall-cracked pipe assumed m 
the estunation model (with t = t - d) would have%wer stiffness &an the act@ corn lex-cracked 
pipe. Hence, the predicted crack-opening displacements were larger than the expenmentJresults. 
Obviously, when the surface cracks become deeper (e.g., Experiment 4113-2), the magnitudes of 
these .overestimates of the COD will @so become -larger and can be significantly different from the 
expenmental results, as ehb1ted.m Figure 9. Th~s general loss of accuracy can be attributed to the 
over-simplification m the estunation formulas. for throu h-wall-cracked pipes used for predicting the 

Further details of the qalysis procedures and e erimental data .are available in-Reference 4. The 
agdyses of other expenmenp ljsted m Table 1, %e results of whch are not explicitly presented and 
discussed here due to space lmtations, can be obtamed from Reference 4. 

il P 8 

P funcfion of the mternal s uri ace-crack. de th-to-thichess (dt) ratio. In performingL d p a l  

COD of complex-cracked pipes. Further studies are ne e8 ed in this area. 
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Figure 8. Load versus center-crack-opening displacement in Experiment 4113-1 
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Figure 9. Load versus center-crack opening displacement in Experiment 4113-2 
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4. Performance Evaluation of Predictive Analyses 
In eneral, for LBB ap l.ic&ops, one is more interested in the accuracy of the models in the elastic 
loa 8 ran e than at crac I! mtiation-load, max~mum load, OF be ond maxl~llll~ll load. Since stresses in 
LBB or ?e&-rate analyses for pi mg q d e r  normal operatm %ads are general1 thou ht to be in the 
elastic range, we have statlstical y ualified the accyacy -o!the various metho& in &is region. To 
ercent of the maximum experimen@)oad or lqs. Accordmg to the ASTM guidelmes for J-R curve 

restin , 40 and 50 percent of the I m t  load using yield stren as the collapse stress are currently 
used. for fatigue-precrackm of C(T) and bend s ecmens ef. 19). . Hence, .at 40 ercent of the 
with very l i t t i  plasticity. 
Fi re lO.shqws a schematic of load versus center-crack-opening displacement for a TWC pipe. For 
L 8  applications, it is enerally desired that-an anal sis method would unde repiqt the maximum 
load slightly. It IS also 8eslrable to unde redict the &ID m the elastic range. %is because, for a 
given leak rate, if the COD is underpred-ic T ed then the crack length for the crack stability analysis is 
overpredicted. Therefore the final maxunum load in the crack stability anal sis will underpredict the 
actual maximuq load. it should also b e  noted that in t h ~  comparisons o r crack-openin displace- 
ments, the estmtion methods at the mid-thickness, wgereas the 
expermental data (except the IPIR8-2 Expement 1-8) L v e  h e  cracks emng measurements slightly 
above the outsideadiameter of the pi e. In Experiment 1-8 the cra8c-o e m g  lsplacement was 
measured on the ipe inside surface. !lo correctioxp were made for this di ?f erence since that would 
involve considerahe additional effort,. however, it is safe to say that the outer surface experimental 
COD values are greater thanethe mrd-thi@nqs COD values (expect for Experiment 1-8). The 
available COD values are experunental outside diameter COD values. 

simplify th~s evaluation, we define Pg the Imear-elastxc region to occur when the. applied load was 40 

maxmum ex erunental Ioai, the cracked pipes s ?I ould expenence 8 pnmanly lmear-eastic P behavior 

re lc t  @e crack-o e m  

Experimental Maximum Load E / 

Experimentrl COD 

Center-Crack-Opening Displacement 

Figure 10. Schematic c o m m o n  of predi-cted ;Ind e. rimental load versus 
center-crackspexung &placement m a I (1%~ COD and 

load are underpredicted for Lgranalyses) 
4.1 Statistics of Predicted Crack-Opening Ratio 
Standard statistical analyses were performed to assess the accurac of the predictive models in 
estimating the center-crack-opening displacements for pipes anal zez in this study. The statistics 
involved calqulation of the mean and coefficient of variation (C&) COV is e ual to the ratio of 
standard deviation to the mean] of the ratio between the ex enmen& and pregqted values of the 
center-crack-o ening displacement when the applied load is 48percent of the experunental maximum 
load. This raio is denoted the predicted crack-opening ratio for further discussions in this paper. 
It is desired to have this ratio reater than one to ensure smaller values of predicted crack-opening 
displacement @an .the ex erimenh results. It should .also be noted @at .a margin of 10 on le&-rate is 
generally ap lied in LBg analyses to account for various uncertamties including mccuracy m crack- 
opening pregctions (Ref. 20) 
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4.1.1 Simple Through-Wall-Cracked (TWC) Pipes 
Table 2 shows @e mean and COV of the redicted crack-opening ratio for fifteen TWC pipes 
subjected to vmous. loadbg conditions. i e 
The GEEPRI methods with the origlnal and newly develo ed influence functions from this stud j 
predicted expenmental &OD with very good accurac m !erms.of the mean value of the p a d -  
o exlin ratio but their redicted COVs were much hider. The differences between the statistics for 
$e G 8 E P d  method &sed on the on mal influence functions and the resent study were not 

ficant. The LBB.ENG2 and LBB.EhG3 methods sli tly unde redictJ the mean expenmental 
LBB.ENG2 or LBB.ENG3 methods with hgher values of COV. Among all methods, the Pms/Tada 
method underpredicted COD by the largest margin in term of both mean and COV of the predicted 
crack-openmg ratio. 
Table 2 provides a-further breakdpwn of s@tistics for w e e  different loadin conditions ipvolvin pure 
bendin 
LBB.&C!2 and LBB.ENG3 methods slightl unde redicted the expenmend COD when the mean 
values were compared. The LBB.WC anJParis/?a@ methqds also underpredicted the COD with 
the ParislTada method underpre&c@ the most. is mterestmg to note that the GEEPRI methods 

$om the results of t h ~ ~  table, when all TWC 
experiments are considered, all of thepredictive models underpredicted the mean value of the C BB 

with much lower COVs. The LBB.NRC metho iP underpr 3- icted the COD more @an the 

ure tension, and combmed bendmg and tension. For pipes y~ C F  er ure bendmg loa& the 

overpre&cted the mean COD for ths f oadmg condition. 
For a i e under ure tension from ressure loading, similar trends were eabi ted  by the GEEPRI 
LBB.&2, and EBB.ENG3 methog. . The com ansons of the COD pxiictions by the LBB.ENG2 
and LBB.ENG3 methods with the expermental dag were excellent for %s one expenment. 
For pipes under combined bendin and tension, all methods considered in this study unde redicted 
the eQerimenW COD. n e  qualihve behavior is similar to that exhibited for the results Zal!  pjpe 
expenments dlscussed earlier. On a quantitative scale, however, the mapitudes of underprediction 
were much hi er re ardless of the methods used. Once again, the Pans/Tada method significant1 
dumg ressurizm was not recorded. T ~ I S  was becausq the ecunens were pressunzed at low 

Table 3 shows the statistics of the redicted crack-o ening ratio for p ipe  with short cra.cks (e& 5 12 
cracks the crack-o enin would be unde redicted b the Paris/Tada, LBB.NRC, L%.ENG2, and 
LBB.gNG3 method! an8overpredicted by%e G E E P h  method. A similar trend w e  found for. ipes 
behavior. For the girth weld cracks, the LBB.ENG2 and LBB.ENG3 methods predicted crack- 
opening displacement with reasonable accuracy with mean ratios close to one. 
4.1.2 Complex-Cracked Pipes 
Table 4 shows the mean and COV of the predicted crack-o ening ratio of'ten com lex-cracked pipes 
the loads of 40 percent of the maxmum load were .used, this eliminates the concern .about the 
a propriate J-R curve to use since the crack has not uvtiated at th~s load level. The results m Table 4 

dis lacement for pipes-with corn lex cracks. Thls is clearly opposite to the behavior exhibited !y this 
me B od m analyzing sunple TWb i es. Further breakdown of the statistics for shallow cracks ( a t  
ZS 0.5) and deep cracks (d t  2 8.!), also shown in Table 4, reveals that the estimation method 
provides better redictions of the ex erimental COD if the depth of the 360-degree surface crack is 
smaller. Neverkeless, the LBB.EN82 predictions for complex-cracked pipes were much lar er than 
method) is due to the over-srmphfication m the estlmation formulas for %C pipes used for predicting 
COD of com lex-cracked pipes. Hence, further developments are necessary to improve crack- 
opemg modeg for complex-cracked pipes. 
In axplyzing pipes with a leakin crack that may potentially be a com lex crack it .ma not be always 
possible to estlmate accurate1 b e  depth of the mternal surface c r a g  unless detaddnondestructive 
examination is performed. A r  such a crack, if the depth of the surface crack is overestimated, the 
current analysis methods would overpredict crack-o ening. Hence, for a iven l e  rate, this will 
cause. the crack len 
carrym .capacity. %the other hand, if the depth opthe surface crack is underestmJed or ignored, 
carrymg capacity of the pipe. 

undgpredict2Qe A D .  It should be no@, that for the combingxi load experiments, the CO 8 
temperagres, then f eated for 1 to 2 days, and then the bendmg 102 was applied. 

percent) and pipes with cracks in J: e girth welds. ! h e  mean results mdicate that for i es with short 

under pure bending. The results for pipes with cracks in girth welds also reveal a smlar quali i! tive 

under pure bendmg. These statistics were developed only For, t&e LBB.ENG2 me & od. Note: smce 

s 1 ow that the LBB.ENG2 method overprediFts (in terms of the mean value) crack-o ening 

the ex qrimental values of-the .COD. & mentioned. before, this ove rediction of the LB i .ENG2 

to be underestqnated resufh overprediction os B the pipeIs maxim- load- 
the pTe i ictive methods would underestunate crack-opeug, and hence, also underestlmate the load- 



Table 2. Mean and coefficient of variation of the ratio between rimental-and predicted 
values of centg-crack-openiqj dkplapment by various me Yr ods for sunple through- 
wd-cracked pipes under vmous l o a m  con&bons 

Ratio of Center-Crack-Opening Displacement'" 

Twc Pipes Twc Pipes TwC Pipes Under 
All TWC Pipes Under Pure Bending Under Pure Tension Bending and Tension 

Coefficient Coefficient Coefficient Coefficient 
Fracture of of of of 
Analysis Variation@), Variation@), Variation@), Variation@), 
Methods Mean percent Mean percent Mean percent Mean percent 

GEEPRI 1.01 72.8 0.84 51.7 0.75 -(e) 1.70 69.9 
(Original) 
GEEPRI 1.02 86.5 0.74 59.5 -(a) -(e) 1.78 69.8 

(NRCBattelle) 
ParisRada 2.96 146 1.60 39.2 -(a) -(e) 6.59 107 

(15 Tests) (11 Tests) Cr Test) (3 Tests) 

LBB.NRC 1.61 90.9 1.16 47.6 -(a) -(e) 2.82 79.4 
LBB.ENG2 1.16 47.0 1.07 45.5 1.0 -(e) 1.57 41.4 
LBB.ENG3 1.18 45.7 1.10 44.1 1 .o -(e) 1.57 41.4 

) Coeficiept of vanation = (standard deviatlodmean) x PO0 
(a) Ratio of Center-mck-opening displacement = experimental center COD/predicted center COD; the 

CODs were mea++ and calculated at 4OSperce-nt of ex erimental maximum load 

Not a plicable k d Notd%ermined 
Table 3. Mean and coefficient of variation of the ratio between experimental apd reacted 

wd-cracked pipes mth short cra& and cra& m p t h  welds 
values of centey-crack-opening du lacement b qariqus methods for sunp P e through- 

Ratio of Center-Crack-Openhg Displacement"' 

Twc Pipes with Twc Pipes with 
Short Cracks ( O h  s 0.12) Cracks in Girth Welds 

(4 Tests) (6 Tests) 

Coefficient Coefficient 
Fracture of of 
Analysis Variation@), Variation@), 
Methods Mean percent Mean percent 

GEEPRI 0.74 31.0 0.67 70.4 
(Original) 
GE/EPRI 0.76 36.0 0.62 67.0 

ParisRada 1.42 37.2 1.61 33.5 
LBB . NRC 1.30 21.4 1.04 45.1 
LBB . ENG2 1.45 26.8 1.01 58.3 

(NRCBattelle) 

LBB.ENG3 1.47 27.3 1.06 55.3 

(a) 

@) 

Ratio of center-crack-opening displacement = experimental. center COD/predicted Center COD; the 
CODs were measured and calculated at 40 percent of expenmental maxmum load 
Coefficient of variation = (standard deviatiodmean) x 100 
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Table 4. Mean and coefficient of vpiatiqn of the ratio between e rimental and predicted 
values of center-crack-opew &placement by the LBB.EE2 method for complex- 
cracked pipes with shallow an5 deep surface cracks 

Ratio of Center-Crack-Opening Displacement(a) 

CC Pipes with 
Shallow Cracks (d/t 5 0.5) 

CC Pipes with 
Deep Cracks (d/t 2 0.5) 

Coefficient Coefficient Coefficient 
Fracture of of of 
Analysis Variation@), Variation@), Variation@), 
Methods Mean percent Mean percent Mean percent 

All CC Pipes 
(10 Tests) C7 Tests) Q Tests) 

LBB.ENG2 0.63 41.5 0.77 24.7 0.33 36.5 

Ratio of center-crack-opening displacement = experimental. center COD/predicted center COD; the 
CODs were measured and calculated at 40 percent of expenmental mmmum load 
Coefficient of variation = (standard deviatiodmean) x 100 

(a) 
(b) 

5. Finite Element Evaluations of Crack-Opening Shapes 
During this study, several finite-element analyses were perfoi-med to. evaluate the adequac of the 
short crack and the other with sma[pl diameter containmg a long crack, were analyzed. The crack 
shes are typical of leakage size flaws in LBB ap lications for nuclear pi ing systems. For the large- 
diameter pipe, @ere w-as one elastic anal sis un&r pure bendin For tEe small-diameter pi e, there 
tension. They are explamed {elow. 

elliptical representation of a crack-o ening profile. Two pipes, one with large diameter con Y aining a 

were two elastic-plastic. anal ses, one Y or pure bending and k e  other for combined beding and 

5.1 Large-Diameter Pipes with Short Cracks 

Figure 11 shows the results of finite element anal sis in terms of COD lotted as a function of 
normalized crack-tip angle, @26, where 4: is an ang6 from a crack ti In &is figure, two plots are 
shown, one for the crack-o ening profile at the outer surface and &e other for the crack-opemng 
profile at the inner surface OF the pipe. For each case, the continuous line indicates the crack-opening 
shape assuming an elliptical representation with the center COD estimated by FEM analysis. The 
polnts indicate explicit calculations by FEM as a function of 5/20. It appears that both outer and 
m e r  crack-opening profiles can be accurately modeled by an elliptical shape. 
5.2 Small-Diameter Pipes with Long Cracks 
To. understand the crack-opening characteristics for long cracks in small-diameter piEes, additional 
fi-mte element com utations were also conducted in this study. In this case, the pipe-had mean 
diameter, D = ld.6 (4 inches), wall thickness, t = 8.56 mm (0.337 inch), and crack size 6/?r = 
37 percent. ?wo loadin cases were studied: j1) ure bending and 2) combined bending and tension 

by applymg the m a l  (tension) force only. Noghoop stress or crack-face pressure were modeled. 
pessure mduced with55.51 MPa (2,250 psi) infernal pressure. 6 or each loading case, the results 
ue to several v a ues of moment were investi ated. The internal pressure in the pipe was smulated 



0.6 

E 
E 0.5 

5 0.4 

-- 
5 

Figure 11. Crack-opening shape for 1 with a short 
crack under pure b e n d m g ~ % ~ ~ y $ ~  

The elastic modulus and Poisson’s ratio were 193:06 GPa (28,oOp ksi) and 0.29, respectively. The 
analyses were elastic- lastic and, therefore a nonlmear stress-stram curve for the pipe material needs 
to be s ecified as ~ $ 1 .  Iq th~s regqd, &e Ramberg-Osgood model #eo = u/uo + cr(u/uo)fl] was 
chosen To re resent the tensile ro erties with the parameters: u = 2 MPa (30.5 ksi), eo = a& 
01 = 2.6, ani  n = 4.06 (Ref. 4p. ko crack rowth was assumed for an of the ap lied loads 
The finite element analyses were performed %y the ABAQUS code (Ref! 17) withken  noded three- 
respective1 There were four elements through the thickness. The slze (length along the cracked 
plane) oft& smallest element near the crack tip was 0.051 mm (0.002 inch). 
The crack-opening displacements calculated by the FEM at the mid-thickness. level of the pi e are 

any interpal pressure. S.mlar resufts are plotted ~fl Fi re 13 for the ipe q d e r  combmed bendmg 
opening shapes based on elliptical representations with crack length as the major ms and the center 

dimensjonal solid elements. The total number of elements and nodal-pouts were 9 2- 9 and 4,984 

iven in Fi res 12 and 13. Figure 12 shows several lots of crack-o enmg displacemen P as a 
ancfion of & normalize@ crack an le from the crack tip (820) for several i endmg moments without 
and tension with four different moments. For each #dmg case an cf applied moment the crack- 

. Solld Potnli - FEH Calculauonr 0, - 406.4 mm 
I - 26.19 mm - 28 - 43.2 dapraa 
E - 193.06 GPa 
M - 522.81 kN-m - a l a r  Surtaca 

Continuous tin# - Elllptlcd Assumption 

E 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.D 1.0 

Normallrod CmCk Tip Anglo (We) 

Figure 12. Crack-o ning shape for a sm@l-diameter pipe. with a long crack 
ungr pure bendmg (elastx-plastx analysls 

- Purr h n d i n p  Points - FEM Calculation - A M -6 .97kN.m Lin-r - Elllptic8I Assumption 
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Cornbinod Bmndinq and Taniron Polnta - FEM Calculatlon 
Liner’- ElllpticaI Aarumptlon 

0 M -4.32 kN-m p - 15.51  MPa 

0 M -1S.OkN.m 

15 

10 

5 

0 
0.0 0.1 0.2 0.3 0.4 O S  0.6 0.7 0.8 0.9 1 . 0  

Normallzed Crack Tip Anglo (E120) 

Figure13. Crack41 shape for a small-diameter ipe with a long crack 
under comb’ending  and tension (elastic-p%stic analysis) 

COD as the minor-axis are also shown. The comparisons between finite element results oints) and 
the elliptical equation (lmes su est that, indeed, the crack-openmg profile c.an be mo P eled.by an 
elliptical shape, regardless 08 loapintensity and hence, the amount of plasticity 111 the cracked pipe. 
For very large moments, the crackdriving force (applied was much higher than typical fracture 
initiation toughness (J J of austemtic or ferritic materials. & s explains wh there were slight crack- 
tip blunting 111 the f h i e  element calculations in which no crack growth was &owed. 
6. Summary and Conclusions 
Twenty-five pipe experiments were anal zed to determine the accuracy of current estimation models 
for redicting center-crack-opening disp7acements for pi es with simple through-wall and com lex 
cracg. Standard. statistical analyy were performed to getermine Qe statistics (mean and CO of 
the frac?ure behavior at this loa8 is primarily elas&.) The results showed the following: 
crack-o erung ratio when the a plied load IS 40 ercent of the expenmental maxmum load. ( $- ote, 

From Analvses of Simde Through-Wall-Cracked PiDes 
When all TWC pipe experiments were considered, all of the 
underpredicted the m e q  value of the COD (i.e., mean ratio greater than 
methods (with the on inal and newly developed q u e n c e  functions 

ood accuracy 111 terms of the predicted experimental 6OD with ve 

sli htl unde redicte 8 the mean experimental COD with much lower COVs. 

crack-ope@ng ratio, but their predictK EOVs were much higher. The differences between 
the statistics for the GE/EPRI method based on the on lnal mfluence functions and those 
from the present stud were not significant. The LBi.ENG2 and LBB.ENG3 methods 

The 
Lh.&C m%od unde redicted the COD more than the LBB.ENG2 or LBB.ENG3 
methods with hi her v%es of COV. Among all methods, the Paris/Tada method 
underpredicted C& by the largest margin in terms of both meanand COV of the predicted 
crack-opening ratio. 
The mean results for ipes with short cracks indicate that the crack-o ening would be 
underpredicted by the garis/Tada, LBB.NRC, LBB.ENG2, and LBB.EgG3 methods and 
ove redicted by the GE/EPRI method. A slmilar trend was found for pipes under pure 
ben%?qg. The results. for pi es with cracks in girth welds also reveal a slmilar qualitative 
behavior. .For .the girth we!d.cracks, the LBB.ENG2 .and LBB.ENG3 methods predicted 
crack-operung displacements with reasonable accuracy with mean ratios close to one. 

From Analyses of Complex-Cracked Piues 

Complex-crackfl ipe e eriments i.e., a pipe with a 36Me ree circumferential surface 
crack and a f h t e  fength%rough-whl crack, were also analyzJusing only the LBB.ENG2 
method. Regardless of whether a constrat  factor was applied to the J-R curves, the 
LBB.ENG2 method overpredicted (in terms of the mean value) crack-opening displacement 
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for ipes with complex cracks. This is clearly opposite to the behavior exhibited b this 
megod m analyzmg smple through-wall-cracked pi es. Further breakdown of the staktics 
for shallow cracks (d/t I 0.5) and deep cracks pd/t 2 0.5) reveals that this estimation 
method provides better predictions of the expenmental COD if the de th of @e 360-degree 
surface crack is smaller. For exam le the mean values of the crac%-opemng ratio were 
0.77 for shallow cracks and 0.3f for deep cracks. Nevertheless, the LBB.ENG2 

redictions for complex-cracked i es were much larger than the experimental COD values. 
b s  overprediction of the LBg.ENG2 method is due to the over-sim lification in the 
Hence, w e r  developments are necessary to mprove crack-opemg models for comp ex- 
cracked pipes. 

The finite element predictions of the center-crack-openin displacement for Experiment 1.1.1.21 
conta@ing a short throe-wall crack (e/% = 6.25 percena were m very good agreement with the 
expermental data from e pipe test. 
The results from several finite element analyses showed that the crack-opening sha e for a pipe would 
a proximately foUow an elli tical profile. Both largediameter pipes with. shor! cracks and sml- 
Jameter @es with !ong crac!s were analyzed under pure bending and combmed bendmg plus tension 
to reach As conclusion. 

P estimation formulas for TWC pipes used for predicting the COD of comp Ip ex-cracked pi es. 

Finally it should be noted-that the ex erimental/COD values were at the outside surface, whereas the 
anal ses were for md-thxkness C& values. Hence the expepmental COD. values at the-mid- 
thic&ess should be slightly smaller, and the e enmental-to- red!cted COD rag0 should. be 511 htly 
.less on the ayerage for @I the values in Tables?, 3 and 4. balun the expenmentaj md-thlc&ss 
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CRACK OPENING AREA ESTIMATES IN PRESSURIZED 
THROUGH-WALL CRACKED ELBOWS UNDER BENDING 

FRANC0 Ch., GILLES Ph., FRAMATOME, FRANCE 
PIGNOL M., FRAMASOlTi-CSI, FRANCE 

INTRODUCTION 

One of the most important aspects in the leak-before-break approach is the estimation of the crack opening area 
corresponding to potential through-wall cracks at critical locations during plant operation. In order to provide a 
reasonable lower bound to the leak area under such loading conditions, numerous experimental and numerical 
programmes have been developed in USA, U.K. and FRG anti widely discussed in literature [l, 2,3]. 

This paper aims to extend these investigations on a class of pipe elbows characteristic of PWR main coolant piping. 
The paper is divided in three main parts. First, a new simplified estimation scheme for leakage area is described, based 
on the reference stress method. This approach mainly developed in U.K. 141 and more recently in France [5, 61 
provides a convenient way to account for the nonlinear behavior of the material. Second, the method is carried out for 
circumferential through-wall cracks located in PWR elbows subjected to internal pressure. Finite element crack area 
results are presented and comparisons are made with our predictions. Finally, in the third part, the discussion is 
extended to elbows under combined pressure and in plane bending moment. 

ASSESSMENT OF CRACK OPENING AREAS 

In linear elastic fracture mechanics, one can establish that, under uniform membrane stress om, the crack opening area 
A may be derived from the strain energy release rate G through the relationship : 

where a represents the half crack length. 

In order to extend our investigations in Elastic Plastic Fracture Mechanics (EPFM)., we replace G in the previous 
expression by the crack driving force J as it has been suggested in reference [7]. This new expression, indicated 
hereafter, can be demonstrated as a reasonable lower bound of the elastic plastic crack opening area : 

Equation 2 gives the opening area as soon as an expression for J is known. For example, let us consider a 
circumferential through-wall crack located in a section of a straight pipe. If the material stress-strain law is modelled 
by a Ramberg-Osgood law, finite element J solutions may be provided by the EPRI handbook [3]. Then, by integrating 
numerically equation 2, one can obtain the crack opening area and then check the conservatism of equation 2 using the 
Crack Opening Displacement EPRI solutions [3]. 



Even if such an approach is of great interest, some limitations are introduced (Ramberg-Osgood law - Geometry of 
straight pipe circumferential through-wall crack). In order to remove these difficulties, we propose to use in equation 2 
a J estimate based on R6/3 option 2 KR - LR relationship. Developed by Ainsworth [4] and discussed recently in [S - 
61, this approach provides a convenient way to determine an approximate value of J in a non-linear material from the 
elastic value G. As shown hereafter, the KR - LR relationship depends only on the material stress-strain curve, 
therefore the determination of LR gives the KR value and then the J value. Consequently, equation 2 can be written as 
follows : 

with 

and 

(3) 

(4) 

Applied load 
LR = oref/Qy = Referenceload (5) 

The reference loab may be considered as given by writing the yield condition in the ligament. Finally SG, i n g  equation 
3 requires only the knowledge of elastic G and the reference stress aref as functions of the crack length. Detailed 
parametric studies of elbows with longitudinal and circumferential through-wall cracks have been performed by 
Chattopadhyay and al [8] or A. Zahoor [9], providing fitted solutions of Stress Intensity Factors for cracked elbows 
subjected to pressure or in plane bending moment. Thus, the problem is reduced to the derivation of an expression for 
the reference stress oref relative to a through-wall cracked elbow under pressure or combined pressure and in plane 
bending. 

The pure bending case is not examined in this study. On one hand, solving equation 3 requires the existence of 
prevailing membrane stresses in order to guarantee the consistency with the assumptions mentioned previously. On the 
other hand, such loading conditions are not representatives for the main cooling line of PWR at normal operating 
conditions. 

REFERENCE STRESS SOLUTION FOR A CIRCUMFERENTIALLY CRACKED ELBOW UNDER PRESSURE 

In a constant thickness elbow, an approximation of a statically and plastically admissible field for a Rigid Perfectly 
Plastic material having a yield strength of 00 , is given by the following expressions: 

where C1 is the stress index which varies with the position along thei circumference in the elbow cross section (see 
RCC-M code [lo] appendix B3600). At the extrados, where the crack is located, the C1 value is less than unity. In that 
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case we consider that the axial stress is about half the sum of the circumferential and the radial stress, therefore the 
yield condition is the same as in a straight pipe. This condition is expressed through the following set of equations: 

[cos, - 2 siny] Jv - 2 + nr . -shy 2 1 = 0 

LR is derived by solving these equations in which the stress components have been divided by LE Using equation (7) 
and conventional numerical integration techniques, equation (3) provides the crack opening area estimate (more details 
are given in the next paragraph). 

COMPARISONS WlTH FIM[TE ELEMENT RESULTS 

In order to estimate the validity of such a method, now we compare our predictions to finite element crack area results. 
The selected finite element model is an elbow characteristic of PWR main coolant piping whose the main geometrical 
parameters are plotted in Table 1. Tensile properties are given in Figure 1. 

(m) (mm) (m) (degrees) 
1354 412 62.5 0.5 50 

Table 1 : Geometry of F.E. model 

0.0s 0% 0.35 0.10 

J o b l  Slmn 

FIG. 1 : Tensile curve 

In order to examine the influence of the crack position and the crack length, two configurations have been investigated. 
In the first one, the crack is located in the medium section of the elbow, at the extrados with an half crack angle y of 
16.7 degrees. In the second case, the crack is located in the same section, but 30' degrees away from the crown, in 
between the crown and the extrados. The crack length is larger than the first one, with an half angle value of 25" 
degrees. 
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The finite element models, plotted in Figures 2 and 3, contain respectively 486 and 1920 20 noded elements, 2827 and 
10197 nodes. Pressure is increased up to normal operating pressure (P = 15.5 MPa). In each case a pressure of P/2 
value is applied normally to the crack faces. The computations have been performed with SYSTUS F.E. code [ 1 I] 
using an incremental Von-Mises rule, taking into account an updated Lagrangian procedure. 

FIG. 2 : Finite Element model with the circumferential through-wall crack 
located at the extrados 

FIG. 3 : Finite element model with the crack located 
30" degrees away from the crown 

We have plotted in Figures 4 and 5 the finite element results in term of J values and crack opening areas versus applied 
pressure. J values are computed from G-8 method, presented in reference [ 123 and crack opening areas are obtained on 
external and internal sides from the crack opening displacement results. 



The good agreement between J estimation based on KR - LR relationship and finite element solutions (see Figures 4-a 
or 5.a) ensures first the validity of elastic G solutions drawn from [8]. On the other-hand, even if plastic deformations 
are contained surrounding the crack, the spread of plasticity is large enough when p is greater than 12 MPa to conclude 
favourably on our choice of oref in the range of pressure considered in this study. 
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4-a : J predictions up to operating pressure 
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4-b : Crack area predictions up to operating pressure 

FIG. 4 : Comparisons with Finite Element results 
for the crack located at the extrados 

Finally the crack opening area results are collected on Figures 4b and 5b. The comparisons with F.E. results indicate 
that solving equation 3 gives excellent predictions at mid thickness for the both configurations. 
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5-a : J predictions up to operating pressure 
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5-b : Crack area predictions up to operating pressure 

FIG. 5 : Comparisons with Finite Element results 
when the crack is located 30" degrees 
away from the crown 
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EXTENSION FOR AN ELBOW UNDER COMBINED INTERNAL PRESSURE 
AND IN PLANE BENDING MOMENT 

Recently, Ph. GILLES and a1 [6] have realised a very consequent work on the existence of reference stresses for 
surface cracked pipes. Their investigations provide a convenient way to identify reference stress solutions foi 
combined loading conditions where the major ideas are recalled hereafter. 

Under combined loading, the reference load has to be replaced by a loading surface which may be approximated by a 
local yield limit surface, just as the limit load is a good approximation of the reference load. The equation of this yield 
surface, which is expressed as a function of the external loads Qi , is denoted by Q, (Qi, A) = 0, where A represents the 
geometrical parameters defining the crack. Then for a given loading point P in the space of the parameters of the yield 
function, LR represents the ratio of the distance between the origin 0 and P to the distance OL, where 1 is the 
intersecting point of the OP line with the loading surface. LR is obtained by simply solving the non-linear equation + (Qi/L, ,  A) = 0. 

QL 

Let us consider the finite element models described previously. The computations have been completed by introducing 
an increasing bending closing moment as the normal operating pressure is reached. Using the KR - LR relationship and 
the finite element J solutions, one can derive for each step of loading the LR value and consequently the computed 
yield surface 0 (Qi, A). 
Results relatives to the crack located at the extrados are plotted in Figure 6. Each co-ordinate indicates the ratio of the 
applied load to limit load under pure loading conditions : Po is given by equation 4 and Mo is the limit in plane 
bending moment drawn from Griffiths experimental work [13]. Starting from Calladine’s expression [14], our 
numerical investigations leaded us to write Mo as: 

M, = 0.935 . 4 cy r t  t f(a/r,) . p (8) 

f(a/rm) is a reducing factor due to the crack and p an amplification factor depending on the opening angle of elbow. By 
using this formalism, the finite element computed loading surfaces can be approximated, as it is shown on figure 6, by 
circles described by the following set of empirical equations : 
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FIG. 6 : Loading surface results for an elbow subjected to combined loadings 

with a circumferential crack at the extrados 

the relative value xc depends mainly on the curvature parameter (R,t/r: G 0.5), and accounts for the beneficial 
effect of internal pressure which minimises the ovalization. 

Consequently, under combined loading (pressure + in plane bending moment) the reference stress is calculated using 
the yield surface equation (9) as explained at the beginning of this paragraph. Then, the LR solution is replaced in 
equations (4) and solving equation (3) gives the crack opening area. The membrane stress om is written as the sum of 
the membrane stress o due to combined loading and approximated by the expressions given in appendix B3600 of the 
RCC-M code [lo]. Mid thickness crack area predictions are plotted on Figures 7 and 8 for the two circumferential 
through-wall cracks discussed in this paper. The comparisons with finite element results are in a good agreement, even 
if plastic deformations are noticeably spreading ahead the crack front with the increase of bending moments. The 
simplified approach ensures a reasonable lower bound at normal operating conditions. Beyond these normal operating 
conditions, the effects of bending stress through the thickness become important and solving equation 3 could lead to 
unconservative predictions. 
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FIG. 7 : Crack areas predictions for crack located at the extrados 
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FIG. 8 : Crack areas predictions for crack 30" degrees 
away from the crown 

CONCLUSION 

This paper focuses on the crack opening area predictions of a class of pipe elbows characteristic of PWR main coolant 
piping. A new simplified estimation scheme for the crack opening area has been developed in Elastic Plastic Fracture 
Mechanics, using the reference stress method. 
The predictions are compared to refined elastoplastic finite element calculations, covering a representative range of 
crack length. The loading involved are either internal pressure or a combination of pressure and in plane bending 
moment. For all the considered configurations, a good agreement is shown between computed and estimated crack 
opening areas. 
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Influence of wetting effect at the outer surface of the pipe on increase in leak rate 
- experimental results and discussion - 
Toshikuni ISOZAKI and Katsuyuki SHIBATA 

Division of Reactor Safety Research, Japan Atomic Energy Research Institute 

~~ 

test 
ident. 

1. Introduction 

slitted/ leak pressure water 
complete rate in pipe temp. 

heat 
insulator 

kg/min MPa "C 

In the nuclear industry, leak through crack from the piping system is beneficial, since it 
allows the operator time for suitable actions at an early stage before failure. This is so 
called "Leak Before Break". JAERI conducted the leak rates tests using the circumferentially 
fat igue-cracked-piping under pressure and/or bending loads since the proper estimation of the 
leak rates was definitely one of the key issues in the LBB.analysis[1,21. Until now, there has 
been some problems that the experimental and computed leak rate did not agreeC31. The leak rate 
is given by the product of the critical flow rate through the crack and the COA(crack opening 
area). In the present paper we don' t refer to the former, describe instead the dependency of 
temperature of the test pipe near the crack upon the increase in COA or COD(crack opening 
displacement) and leak rate, which is due to the thermal shrinkage at the locally wetted part of 
the piping. 

2. Experiments 

In the present paper, experimental and computed results are described for the two straight pi es, 
subjected both to internal pressure and thermal load but to no bending load. They are modelled 
after the recirculation line of the BWR and primary coolant line of the PWR, respectively. 
Table 1 shows the testing conditions and measured leak rates. Roughness at the crack surface was 
measured after the test. 

12SS2( 12inch outer diameter, made of stainless &eel) and 12CF1( made of centrifugal steel P 

test 
pipe 
ident. 

12SS2 

12CP1 

Table 1 testing conditions and leak rates 

outer thick- 
dia. ness 

mm mm 

316 17.4 

316 33.3 

35 
93 west L3 slitted 20.6 7.00 272 
64 east 
157 total L4 complete 50.8 6.52 272 

87 
50 west L3 slitted 14.9 12.25 312 
52 east 
104 total L4 complete 17.9 12.15 307 

Figure 1 shows the leak rate experiment using 12CP1 piping, from the top: 
A, B; before the test: Both sides were already covered with fixed heat insulator. Only the 
central part(length= 1150mm) was left uncoverd for attaching the 1.6mm diameter theathed thermo- 
couples, high temperature strain gages and clip gage to measure the COD. 
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before test 
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Figure1 sequence of leak rate experiment of l2CFl piping 
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C; in the test: The jack was available to apply the bending load to the pipe supported with 4000 
mm span. 
D; in the test: The leak went downwards to the duct. Leak rate was measured with differential 
pressure transducer attached on the pressure vessel. 
While conducting the tests, two types of metal insulator(length= 85orrrm) were used for the lower 
half of the insulator. One is complete, another is slitted(width=50mm, angle=70degree, 
see Figure 2) intentionally for the clip gage to be attached. This is shown in Figure 1 D. 
However, in the real piping system there is of course no such a slit in the heat insulator. It 
was easily anticipated that the leak rate would change under the different downstream conditions. 
To satisfy both the demands, that is, 
(1) to obtain the COD 
(2) to measure the leak rate under the same condition as real plants as far as possible, 
we conducted the test by changing the complete(= without slit) heat insulator with slitted one 
a1 ternat ively and succesively. COD measurements were not successful, however, because clip gage 
caught both the real COD and thermal expansion or shrinkage of the pipe simultaneously. 

3. Tenperature distribution around cra& and leak rate 

Figure 2 shows the details of cross section at. the crack surface of 12CF1 piping. TE stands for 
the thermocouple elements. TE7 and 72 were used for the fluid temperature measurement, while 
other TEs metal temperature. As is seen from the bottom and front view of Figure 2, TElO to TE15 
were located near the crack and TE8 and TEs 17, 19, 20 and 21 were used to obtain the surface 
temperature of the test pipe. Among them, TE11, 13 and 15 were embedded in the pipe wall to 
measure the mi dsur f ace temperature. 
Pi ure 3 shows the temperature distribution measured by those thermocouples. Abscissa expresses 719- t e number of them. It is interesting that both L3 experiments are similar and also both L4s are 
and that there are clear differences between L3 and L4. In the L3 experiment slitted heat 
insulator was used to obtain the space for the clip gage, while in the L4 experiment the 
complete heat insulator was in use. 
When we see the output of the bottom TEs in the test 12SS2-L4 and 12CFl-L4, the temperature is 
kept at 100 "C. This explains that the water was stagnant within the bottom of annular region 
between the pipe and heat insulator around the crash. On the other hands, the output of the 
bottom TE21 in the test 12SS2-L3 is 200 "C and 235°C in 12CFl-L3. This means that the leak went 
straight downwards outside the metal insulator through the slit without wetting the neighboring 
surface of the pipe, which kept the surface temperature of the test pipe enough high above 200C. 
Leak rate increased from L3 to L4 for both 12SS2 and 12CF1 experiments, which was due to the 
larger COD caused by the temperature differences in the the two experiments. 

4. Calculation by ADINA 

ADINAC41 was used to follow these experimental phenomena. *Loads applied to the model are 
(1) internal pressure 
(2) dead weight 
(3) temperature. 
(1) and (3) are given by the experimental data. Material data are shown in Table 2. Yield 
strengthoy and strain hardening modulus Et were obtained from our tensile test results, while 
other constants were fromC51. 
ComDuted results consist of 
(a>- the deformation of the piping 
(b) COD(= displacement in the axial direction at the crack) distribution along the crack 
under 
( i) the uniform nodal temperature equal to the hot water temperature 
(ii) the interpolated nodal temperature based upon the output of thermocouples. 
Condition (i) is important since normally no precise temperature distibution in the pipe is 
given to the analytical model and therefore there is no choice but to have the equal temperature 
input in the calculation. Condition (ii) is our original. We managed to interpolate the nodal 
temperature linearly with distance between two TEs by making full use of the results of 
temperature measurements in the test. 
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Figure2 geometryand 
location of thermocouples 
of 12CM piping 
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Figure3 temperature distribution 
during leak rate experiment 
of l2S2 and 12CFl piping 



Table 2 Material data 

sus304 
300°C 

300°C 

yield 
strength 
O a )  

255 
157 
235 
157 

Youngs modulus 
M a )  

~ 

1. 95x105 
1. 76x105 
1. 95x105 
1. 76x105 

Y =  0.3 

4018 16.4~10-~ 
3038 18.7~10-~ 
5390 16.4~10-~ 
2940 18.7~10-~ 

Pi ure 4 shows nodal temperature distribution in the longitudinal(1eft side) and circumferential P- right side) direction of lZCFl-LS(upper half) and L4(lower half). From these figures, it is 
shown that the bottom surface temperature is over 200 "C in L3 while it is strictly 100°C in L4. 

5. Discussion I 

Figures 5 and 6 show the deformation near the crack about 12SS2 and 12CF1 piping. The four 
figures in the upper left shows the original configurations composed of bird(total'model), front, 
side and bottom(partia1 models) view. Owing to the symmetry only one half model of the pipe is 
sufficient. Three dimensional solid element, shell element and beam elements were used where th 
e crack was at the front of the model. Only the solid elements including the crack surface useth 
ermo-plastic model, while others do the thermo-elastic model. All the deformation is magnifiedeq 
ually by a factor of 100. 
Those in the upper right shows the deformation under uniform nodal temperature loading which 
plays an important role as a standard thermal condition. In the same manner, the lower left and 
lower right four figures show that under the L3 and L4 temperature load, respectively. 
The uniform temperature for 12SS2 and 12CF1 are 272 "Cand 312 "C whose value were determined 
from the water temperature by TE7 or TE72 in the pipe at each experiments. The bottom views show 
us how the COA is dependent on the load temperature. The most remarkable COA deformation was 
observed at L4 conditions for both experiments. To see the influences of surface temperature on 
the COA, Figure 7 is convenient. The abscissa is the anticlockwise distance between the two 
nodes near the both crack edges and each one along the inner-, mid- and outer- surfaces of the 
pipe. 
For 12SS2 piping, 
(1) The uniform 272 "C temperature load generates the equal COD among three surfaces and the 

smallest COD compared with L3 and L4 load temperature. 
(2) The L4 temperature brings about the most remarkable COD. The COD at the inner surface is the 

smallest in 272 "C temperature load, the largest in L3. However, the outer surface COA is 
the largest at L4. These are caused by the tensile thermal stress at the outer surface and 
compressive stress at the inner surface. This may explain the large increase in leak rate 
from L3' s 20.6kg/min to L4' s 50.8kg/min. 

For 12CF1 piping, 
(3) The COD of 12CF1 is smaller than that of 12SS2, which is due to the smaller crack length. 
(4) The uniform 312 "C temperature load generates the equal COD among three surfaces just like 

12ss2. _ _ _  
(5) The inner COD tend to close for both L3 and L4 tests. However, the outer COD is the largest 

at L4 test. This may explain that only the slight increase in leak rate was observed 
from L3' s 14.9kg/min to L4' s 17. 9kg/min. 
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Table 3 shows the comparison of experimental(at 2OoC!!) and computed COD for reference. They are 
relatively in good agreements and COD is the order of ~ O X ~ O - ~  mm while those by ADINA are 
~ O O X ~ O - ~  mm for the L3 and L4 experiments. 

Table 3 Comparison of experimental and computed COD 
water temperature was 20°C in the experiment. 

test pipe pressure COD Gmn) I ident. I @a) I 1 experimental computed 

I 10x10-3 

I 0 53~10-~ 24x104 
0 I 20x10-3 12x104 

6. Conclusion 

It is pointed out that leak rate is very susceptible to the metal temperature of piping, since 
the COA or COD are sensitive to the temperature distribution of the piping. In the leak rate 
test, therefore, it is recommended that the distribution of metal temperature be measured 
precisely and widely. In the real piping system the leak will be larger than in the case where 
these thermal effect is neglected because leak rates are getting larger than those in the case 
of neglecting the influence of the thermal stress, which may be favorable from the standpoint of 
LBB of the real plants. 
However, it remains still t o  be resolved that there may be a crack closure by the axial 
compressive stress( about 200hPa) at the bottom inner wall of the pipe, which may bring about 
the decrease in COD and leak rate and also that there may be some influence of the axial tensile 
stress( about 300Wa) at the outer surface of the pipe upon the crack opening, which may cause 
the fracture of the pipe. 
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EXPERIENCES WITH LEAK RATE CALCULATION METHODS 

FOR LBB APPLICATION 

H. Grebner, W. Kastner', A. Htifler, G. Maussner', 
Gesellschaft fur Anlagen- und Reaktorsicherheit (GRS) mbH, Ktiln 

'SiemendKWU, Erlangen 

INTRODUCTION 

For the application of LBB it must be safeguarded that a possible leak in the primary circuit or connected 
piping is detected early enough to prevent further or rapid crack growth. To find reliable requirements for 
the leak detection system installed an accurate calculation method of the leak rates of possible through wall 
cracks is necessary. 

A benchmark test on crack opening and leak rate calculation recently performed [1,2] has shown a large 
scatter of the results, especially if the crack opening is also calculated. Furthermore, in real cases there is 
often only limited information on crack shape or crack surface topography. Thus further uncertainties are in- 
troduced in the evaluations. 

In this paper three leak rate programs are described and compared by calculations of a HDR-experiment 
and two real crack cases. 

METHODS OF LEAK RATE CALCULATION 

Models for the estimation of the fluid flow through a crack have been investigated since about 30 years. 
Many programs used nowadays are based on the homogeneous model or on proposals by Moody [3] or 
Henry [4], published in the years 1965 and 1970, respectively. These models are developed especially for 
two-phase flow cases and are used also in the programs considered in this paper. 

These programs are 
- PIPELEAK, developed by GRS [5], 
- FLORA, developed by SiemendKWU [6] 

and 
- PICEP, developed by EPRlt7I. 

The main features of the programs are summarized in Table 1. 



Table 1: Features of the leak rate programs considered 

Institution 

GRS 

Siemens/WU 

EPRl 

Name Basic Model Range of Application 

PIPELEAK Pana [8]* at present only initially subcooled fluid 

Henry' initially subcooled or saturated fluid 

FLORA Pana all fluid states in NPP 

PICEP Henry initially subcooled or saturated fluid 

'Model can be chosen by user. 

The PIPELEAK-program consists of two main parts. One may be used for the evaluation of leakage areas 
by means of analytical solutions or on the basis of finite element calculations [5, 9, IO]. The second part 
performs the leak rate calculation. As table 1 indicates two different leak rate models according to propos- 
als by Pana [8] or Henry [4] are available. The Pana model is described in combination with FLORA later 
on. Besides the differences in the theoretical derivations the Henry model as used in PIPELEAK and 
PICEP has the capability to include deviations of a straight crack path in the form of 90"- or 45"- kinks. This 
is modelled by an increase of the wall thickness to hydraulic diameter ratio tld, by the equation: 

(tld,,),,, = (tld,) + 50 N, + 26 N, 

N, and N, are the numbers of 90"- and 45"- kinks, respectively. This feature is of special interest in the 
case of stress corrosion cracks. 

The FLORA (How Rate)-program has no possibility to evaluate leakage areas. For this purpose separate 
programs are available at Siemens/KWU [I 1-13]. The main advantage of the Pana approach as completely 
used in the FLORA-program is that it connects correlations for three different fluid conditions, Le. discharge 
of single-phase water, two-phase steam/water mixture and single-phase steam. 

With respect to this 
- for the discharge of cold water the Bernoulli equation 
- for the discharge of subcooled water a modification of the Bernoulli equation 
- for the discharge of saturated water and two-phase steardwater mixtures the homogeous equilibrium 

model, modified for a flow affected by friction or the model proposed by Moody [3] and 
- for the discharge of saturated and superheated steam the gas theory, modified for a flow affected by 

friction 
were selected and linked together. This method of calculation of flow discharge under steady-state condi- 
tion has two noteworthy advantages over most of the other models to be found in the literature: 
- the calculation procedure enables discharge rates to be determined over the entire thermodynamic 

range, i.e. for cold, hot and saturated water, waterlsteam mixtures, saturated and superheated steam 
- it is easy-to-handle, i.e. as input parameters only stagnation conditions (pressure p, temperature T or 

steam quality x) and the hydraulic resistance coefficient & of the discharge opening geometry have to be 
known. 

In most cases the fluid stagnation conditions are given. The hydraulic resistance coefficient can be deter- 
mined using the equation: 

with 



Tin 

t 

dll 

= coefficient for sharp-edged entrance 

= length of the flow path, e.g. wall thickness of the cracked pipe 

= hydraulic diameter of the discharge opening (dh = 4 AJP, with A, as leakage area and P, as 
perimeter of the discharge opening. The determination of the leakage geometry is described 
in detail in [l 1 - 131). 

The friction factor h can be calculated with a set of correlations which are based on extensive investiga- 
tions of Siemens/KWU and KFK [14]: 

h = [2 log (d,,/K) + l.l9Is2 for5 p m  I KI 50 p m  (3) 

h = [3.39 log (d,,/K) - 0.866]'2 for 50 p m  < K, (4) 

where K is the surface roughness. 

With these equations derived from an amount of ca. 600 experiments no further adaption of the leakage 
rate calculation procedure is necessary. 

As PIPELEAK the PICEP-program again has capabilities for the evaluation of leakage areas. Details of the 
PICEP-program can be taken from [A. 

TEST CASES 

The models described before were applied to several test cases. As first one a straight pipe experiment 
from the leak rate tests performed in the HDR project [9] was chosen. The test under consideration 
(E22.05) was also part of the bench mark test mentioned before. The pipe with an outer diameter of 88.9 
mm and 5.6 mm wall thickness had a circumferential crack with 130 degrees at the outside. The pipe was 
made of austenitic steel (1.4571) and loaded by internal pressure (10.5 MPa) and a stepwise changed 
bending moment (up to 3 kNm). 

The other test cases are presented in Table 2. From the 5 real cracks shown in the table only the first two 
are used in the calculations. The other cases show the most common behaviour of very small leakages. 
From theory it is obvious that the models do not lead to accurate results in such cases. 

GEOMETRIC CHARACTERISTICS OF REAL CRACKS 

In order to verify the calculation model on the base of realistic data, the geometric characteristics of the 
leakage path were measured by metallographic and fractographic examinations for selected real leakage 
failures in nuclear power plants. 

Evaluation of the aeometric characteristics of real leakaae oat hS 

To obtain numerical data for the description of the geometrical characteristics of real leakage paths e.g. 
formed by cracking with different failure mechanisms, a quantitative analysis of metallographic or fracto- 
graphic micrographs was performed with respect to the microscopic roughness and the length of the crack 
path through the wall, the macroscopic dimensions and shape of the crack contour, and the crack opening 
displacement under no-load conditions. 



Table 2: Examples of failures in NPPs 
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A s  real cracks oftenly do not run perpendicular through the wall, a semiautomatic image analysis system 
was used to measure the length of the shortest leakage path through the wall in a metallographic section. 
The result is expressed in terms of I/t-ratio, where I corresponds to the length of the leakage path and t to 
the wall thickness. 

For the evaluation of the microscopic roughness, the crack path was digitized in x/y coordinates with the x- 
direction corresponding to the direction of cracking and the y-direction perpendicular to x and the crack 
surface. 

The macroscopic curvature of the crack, which is expressed by the I/t ratio, was linearized and omitted. De 
pending on the magnification of the photomicrograph, the method is sensitive in the roughness range from 
10 to about 500 m. The numerical description of the roughness of the leakage path was performed by the 
use of the parameters R, (mean roughness), R, (maximal peak values), and R, (floating average). 

Considered cases of leakaae failure 

Due to safe design and intensive non-destructive testing activities, only few cases of through-wall cracking 
failures causing leakage in nuclear power plant systems have occured in the past. From the Siemens SDM- 
data base, which collects failure data of nuclear power systems, five cases which are characteristic for the 
most frequent occuring failure mechanisms were choosen, see Table 2. Two cases led to significant leak- 
age rates, three cases resulted in the discharge of only droplets. The first two cases used for the calcula- 
tions are described in brief as follows: 

Case 1: High cycle fatigue in an austenitic tube (material: 1.4541). The crack originates in longitudinal di- 
rection at the inner surface, and is oriented slightly bowed in axial direction. Due to (unexpected) 
additional torsional stresses the crack propagation through the wall is considerably bowed, as can 
be seen from a cut through the wall just near the penetration, see Figure 1. Details of the crack 
surface topography are shown in Figs. 2 and 3. 

Case 2: High cycle fatique crack in a small diameter austenitic tube weld (1.4550). The crack originates at 
the inner surface along the root notch of a circumferential weld to a flange, Figure 4. The crack 
propagation through the wall is very straight and the cracking is oriented in circumferential direc- 
tion. Details of the topography of this crack surface can be seen from Figs. 5 and 6. 

The other cases shortly described in table 2 are environmentally assisted cracks with very small leak rates. 
Although such cracks are the most frequent ones in real cases, they cannot be treated accurately with the 
leak rate models. 

RESULTS OF THE CALCULATIONS 

Calculations were made using the programs FLORA and PIPELEAK with both model options. The Henry 
based models in the PIPELEAK and the PICEP program are very similar. It is thus expected that PICEP 
would deliver similar results as PIPELEAK option 2. 

Results to the HDR-exoeriment 

In this case calculations with FLORA and with PIPELEAK option 2 were performed using a crack surface 
roughness of 10 pm in both evaluations. While in the Siemens/KWU analysis the COD-values were calcu- 
lated, in the GRS case the experimental COD-values were used. Fig. 7 shows the results together with 
measured leak rates. A good agreement is found in this case among the calculations and also in compari- 
son to the experiment. 



FLORA calculation results for the real crack case 

For the cases 1 and 2 of table 2, which led to significant leakage rates first pre-calculations were per- 
formed. This means, that only assumptions as input were taken info account, which were usually chosen by 
Siemens/KWU and were not based on detailed information after intensive crack investigation in a labora- 
tory: 

IRoughness K 30 30 

The postcalculation for case 1 was performed for a complex crack type taking into account the results of 
the intensive crack investigation, see table 2. For case 2 the measured values of the roughness R, as K- 
values were also considered, see table 2. 

The results of pre-calculation, measurement and post-calculation of the volumetric leakage flow for the 
case 1 and 2 are shown in the Figure 8. For the circumferential crack of case 2 pre-calculation and mea- 
surement agree well. Surprisingly, the roughness of the crack surface was very small, so the post- 
calculation result deviated from the leakage measurement to a higher degree. For case 1 only the knowl- 
edge concerning the complexity of the loading (internal pressure and torsion) and the crack parameter 
(crack opening by internal pressure plus remaining COD of about 0.3 mm) led to a calculation result, which 
was in the range of the measured leakage rate. 

PIPELEAK calculation results for the real crack case 

As before pre- and postcalculations were performed. For the pre-calculations a crack surface roughness of 
10 pm was assumed, according to experiences from other calculations. Furthermore, only the leakage area 
caused by internal pressure was considered. As Figure 9 shows this leads to a strong underestimation of 
the leak rate for case 1 and also a reasonable coincidence for case 2. 

For the post-calculations the results of the crack investigation given in table 2 were also taken into account. 
For case 1 an additional leakage area due to the remaining COD of about 0.3 mm was superposed to the 
crack opening caused by internal pressure. For case 2 also the small roughness value R, was considered. 

The agreement with the measured values is significantly improved in the post-calculations for case 1. For 
case 2 the smaller roughness leads to a slight overestimation for the Pana model option. Generally the re- 
sults with the Henry model are smaller than those gained by use of the Pana model. 

In comparison with the FLORA results a satisfying agreement can be stated. The differences in the case 1 
pre-calculation result clearly from the different leakage area assumptions. 

SUMMARY 

Different leak rate programs developed at GRS and Siemens/KWU have been used to evaluate leak rates 
for several test cases. While one case is a HDR leak rate experiment, the other test cases are real crack 
events. Two of these have relatively large leak rates, the others show the most common behaviour of very 
small leakages (only some droplets per minute). For such cases the leak rate models presently available 
are not applicable, because their lower limit assessed by experiments lies in the range of 0.01 kg/s or 30 
I/h, respectively. 
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The real cracks were investigated in detail with respect to the geometric characteristics of the crack paths 
and the microscopic roughness. As the calculations showed a detailed information on the crack topography 
and also the load situation is necessary to gain realistic estimates of the leak rate. 

While to the HDR-experiment only post-calculations were performed, the real crack cases were treated by 
pre- and post-calculations. Here pre-calculation means that only the commonly available information is 
used, whereas in the post-calculation also the results of the detailed investigation were applied. 

Generally the different leak rate models give results which agree satisfactory. To get a reasonable agree- 
ment of measured and calculated leak rates, it is necessary to use also the information of the detailed 
crack investigations. 
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Fig. 1 : Real crack case 1, fatigue crack in longitudinal direction, crack path 
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Fig. 4: Real crack case 2, fatigue crack in circumferential direction 1-1 2,5:1 
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Fig. 5: Real crack case 2, crack surface profile of the leakage path, uncorrected 
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ASSESSMENTS OF FLUID FRICTION FACTORS FOR USE IN LEAK RATE CALCULATIONS 

T C CEUVERS Nuclear Electric plc: Berkeley Technology Centre, 
Berkeley, Glos; UK 

ABSTRACT. Leak before Break procedures require estimates'of leakage, and these in turn need fluid 
friction to be assessed. In this paper available data on flow rates through idealized and real crack 
geometries are reviewed in terms of a single friction factor A It is shown that for h < 1 flow rates can 
be bounded using correlations in terms of surface R, values. For h > 1 the database is less precise, but 
h II 4 is an upper bound, hence in this region flow calculations can be assessed using 1 h < 4. 

1. INTRODUCTION 

The production of a satisfactory Leak before Break (Lb-B) safety case involves a number of steps and 
calculations. These involve various aspects of structural assessment to derive through wall crack lengths 
and openings. The final stages involve estimates of likely flow rates and whether or not the leakage 
can be detected. 

Leakage rate is governed by a number of parameters, and in simple terms can be expressed as: 

where Q, is the mass flow rate; G represents the geometric description of the crack of width w, length 
L, and depth D (usually the through wall thickness, t); Fp represents fluid properties including the way 
that they vary with temperature and pressure, P; AP is the pressure drop across the flow path, and h is 
a friction coefficient [Note that 'P is normally used in the UK, and h equals 4fJ Thus to calculate flow 
rates requires an estimate of the crack geometry, a relevant thermo-hydraulic model, and an assessment 
of fluid friction. This paper addresses issues related to the determination of h for use in L-b-B 
calculations. 

All fluid mechanics text books include a section on friction in pipe flows, and sometimes other 
geometries. The presentation is usually in terms of h versus Reynolds Number (Re). At low Re flow 
is laminar, h is relatively high and is assumed independent of roughness effects. As Re increases h 
reduces until turbulence starts to develop when h may increase to a maximum in a transition regime. 
As Re further increases h reduces until it reaches a constant value independent of Re: this is the fully 
rough regime. The value of h in this regime depends on the relative surface roughness. This classic 
behaviour is well established for pipe flows, and the concepts have been adopted in assessing flow 
through crack like defects. The behaviour of h in this fully rough regime is discussed in this paper, 
but prior to this, aspects of surface roughness will be addressed. 

2. THE ROLE OF R, AS A SURFACE DESCRIPTOR 

It is known that h is influenced by the nature of the surface over which the fluid is flowing. One of the 
most commonly used descriptors of surface roughness is its R, value, (a measure of the deviation of 
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the surface from its mean level) and it will be used frequently in the following discussion. However, 
R, is not a unique surface descriptor; it is a measure of height distribution only, and only indirectly 
contains information on lateral variation. This latter arises as a consequence of waviness in the surface, 
thus R. is a function of the length over which it is measured ;(usually R, increases as traverse length 
increases), and also a function of any filtering in the measuring system. Thus surfaces with the same 
measured R, value could have very different hydrodynamic characteristics, giving rise to different h 
values. 

In some of the work to be desmied R, values were measured; in others different descriptions of the 
surfaces are given, and it is useful to consider approximate correlations. For a regular triangular array 
with peak to valley height, h, R, = h/4. In the classic experiments of Nikuradse, (eg [l]) sand grains 
of "uniform" diameter, K, were adhered to the inside surface of pipes of radius R, If the effective 
surface is regarded as a close packed array of hemispheres then R, - I<;/& Crack surfaces will not 
conform to such simple models. However, if h is used to depict a maximum peak to valley height on 
a surface then, from [2] 

4 s R J h s 9  

Such relationships and observations will be used in the interpretation of data in the next section. 
However, it must be stressed that a single descriptor will never be adequate for characterizing a three 
dimensional surface, but given the uncertainties associated with the overall calculation of leakrate in 
a Gb-B context the use of R,, alone, may be adequate for practical purposes. 

3. HISTORICAL PERSPECTIVE 

Historically the UK nuclear industries interest in estimating flow rates through defects has been 
concentrated on systems containing gases. In the early 1970's an isothermal model was derived using 
a single value treatment of fluid friction [3]. Isothermal assumptions were based on the premise that 
with small defects in relatively large structures, heat transfer rates would be high and temperature drops 
small: this was subsequently justified in experimental programmes ([4] and other unpublished work). 
However, it should be noted that calculated rates based on either isothermal or adiabatic assumptions 
are not significantly different in a Gb-B context. An artefact of the isothermal assumption is that 
Reynolds Number remains constant through the flow path permitting a simplified treatment of fluid 
friction. 

A series of experiments was then conducted using rectangle slots and surfaces roughened by sand 
blasting. The data were analysed on the premise that the theory was correct, the geometry known, the 
only unknown being A In the full rough regime a simple correlation was found in terms of hydraulic 
radius (equal to w for a narrow crack) and surface roughness as measured by It; viz. 

This equation is plotted in Figure 1, where it is compared with the classic work of Nikuradse (see e.g. 
[l]) represented as 

A good correlation between the two sets of results arise if 



and this accords very closely to the idealised relationship discussed in Section 2 The closeness between 
data from Nikuradse and that from crack geometry gives confidence in the use of equation 1 for 
assessing fluid friction. On the basis of this equation 1 was incorporated into the flowrate code 
DAFTCAT [SI. This programme requires an estimate of crack geometry, which comes from structural 
integrity assessments, knowledge of fluid properties and operating conditions and an estimate of surface 
roughness. Only roughness aspects will be considered further in this paper. 
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4. SUBSEQUENT WORK WITH IDEALIZED CRACK GEOMETRIES 

Other work has been conducted on idealized crack geometries since the work descried above was 
published. A set of experiments using shot blasted surfaces of Rp 4 p  was conducted using both 
rectangular and elliptic slot geometries [6]. A range of widths, w, was used and the friction factor 
correlation derived was 

Reference [7] descries a set of experiments on some macroscopic artificial cracks. Here large scale 
roughness was used (-5mm) with crack face separation scaled to represent “typical” crack geometry. 
In these experiments conforming surfaces were used, ie the second face was a replica of the first, and 
the opposing surfaces could be closed completely together. Two surfaces were used, and face 
separation varied. Only in one case were fully rough conditions established and in these circumstances. 

1, = k . 0 3 5  log 1 h + 0.568]-’ ( 4 )  

Equations (3) and (4) are also plotted in Figure 1. In addition equation (4) is replotted assuming 
(arbitrarily) that h - 4-5 %, as in the correlation between equations (1) and (2). 

5. SUMMARY OF POSITION WITH IDEALIZED GEOMETRIES 

Equations (1) to (4) give correlations between A, the friction factor and the ratio of hydraulic radius to 
a roughness parameter. If it is assumed that h(or KJ-4-5 s, then equations (1) and (2) become very 
close, and equation (4) plots between the lines from equations (2) and (3). See Figure 1. 

6. VALIDITY LIMITS 

No validity limits are indicated on the various lines in Figure 1, and a number of reasons exist for this. 
For example the data leading to equations (3) and (4) are based on single values of roughness. 
Experiments leading to equations (1) and (2) varied both Reynolds Number and roughness. However 
in the experiments leading to equation (l), h did not exceed unity. The limits to extrapolation of these 
various curves will now be discussed. 

6.1 LOWER BOUNDS 

Extrapolation to low roughness, and/or large surface separation will lead to reduced fluid friction. 
However the experiments in ref [4], using smooth surfaces, shown that the classic lower bound curve 
derived by Blasius (See e.g. ref [l]) is not violated. Thus a lower bound can be given by:- 

AB = 0.316 Re9= (5) 

6.2 UPPERBOUNDS 

The classic work of Nikuradse does not hint at the existence of an upper bound to A, nor do the 
experiments reported in references [4] and [6]. However, in both sets of experiments reported in 
reference [A using nesting macroscopic roughness (ie the surfaces could be closed completely together) 
it was shown that as separation reduced, h did not continue to increase, as suggested by an extrapolation 
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7. 

of Figure 1, but reached a maximum as the roughness started to overlap. Two very different surfaces 
were used in these experiments. For one set of experiments hh, - 1, and for the other approximately 
4. The existence of a maximum, dependent upon geometry and Reynolds Number was supported by 
a simple theory. However, the correlation between the theory and the experimental results was not that 
good, but it was indicative that a maximum should exist. 

DAFTCAT STRATEGY 

DAFTCAT is a computer code for the calculation of flowrates through cracks. One of the required 
inputs is a value for R,, which is then used, via equation (l), to calculate A R, values can be 
determined from a pre-existing data base on surface roughness, and NE! plc has such information for 
a range of crack types. Figure 1 can then be used to determine a range in R, values that will cover the 
data spread between the curves for equations (1) and (3). The programme then proceeds to calculate 
an upper bound to flowrate based on &, and a "best estimate" based on A, from equation (1). The 
former is used for assessing consequences (eg thermal or thrust effects); the latter for Lb-B purposes 
for determining detectability. 

If AD < A, then A, is set equal to & and both calculated flow rates are the same. 

If A, > 1 then the validation limits of the programme are exceeded and computation ceases and an 
alternative strategy has to be adopted by the user. This strategy is based on the choice, and input, of 
a specific value of A The choice of hh, can be considered as a variable in a sensitivity analysis, but 
choice of too high a value can be a penalty. Currently it is advised that a, 5 4. 

To input effective values for h > 1 requires the input parameters to be manipulated, but this is done in 
such a way as to permit a broad sensitivity study. The controlling parameter is:- 

From equation (l), if h=l then R, is w/5. This value for R, is input together with a value for D which 
is scaled such that 

Where h, is the required value of h(>l, <4). 

8. DATA ON Flow THROUGH REAL CRACKS 

Information on flow through real cracks will now be reviewed against the modelling discussed above. 
It is, however, important to appreciate that for real cracks greater uncertainty will exist over geometric 
parameters than for idealized crack experiments. It is also evident that the reliable database on flow 
through real cracks is very limited as far as the ability to deduce friction factors is concerned. Good 
data on crack geometry is required, as also are accurate flow rate measurements. It is also important 
to ensure that the actual and assumed flow regimes coincide. 

8.1 GAS FLOW THROUGH A CRACK IN A WELD 

A through wall defect developed in a small bore (= 19mm diameter, 5mm wall thickness) steam pipe. 
The repair procedure was to cut out the leaking section, and to replace it. This meant that the damaged 
section could be examined. 



The defective section was subjected to leakage tests [SI using a range of gasses and test pressures. In 
particular a number of repeat tests were conducted at a pressure of 4.2 MPa with helium as the test 
medium. The defect was examined non destructively, and then destructively. Crack face separation 
was assessed using a travelling microscopic. However, the defect was associated with a weld, and cap 
curvature confused measurements. Sectioning showed the crack length to be non uniform, as also was 
the flow path length (largely because of the welding process). The failure was at the weld parent-metal 
interface, and the opposing surfaces were conformal. 

From the geometric measurements it was considered possible to bound the crack dimensions. The 
program DAFTCAT was then run using a range of dimensions and friction factors to calculate flow 
rates. These flowrates could then be compared with those measured. The resulting conclusion was that 
given the lack of precision in crack geometry, fluid friction could not be defined better than 2 < h < 
4. 

Surface roughness was measured as 16,ffm %, and the crack opening as some l o o p .  Use of equations 
(1) and (3) would thus predict hvalues of 0.8 and 2.0, somewhat lower than the inferred measurements. 
Using a mean measured value for h of 3 would require a mean crack separation of 50 to 9 0 p .  Thus 
the results would be compatible with a tapered crack geometry, but it was not possible to assess such 
a hypothesis. The result is also compatible with a conclusion that equations (1) and (3) underestimated 
fluid friction for this defect. However, it is entirely compatible with 1 < A- < 4. 

8.2 FATIGUE CRACKS IN WIDE PLATE TESTS 

Reference [6] includes data on a fatigue crack grown in a large plate. [750mm wide; 69mm thick]. 
From a starter defect the crack was grown by fatigue cycling until penetration occurred. Leakage 
experiments were then conducted using air as the leaking fluid. A range of tests was conducted using 
different loading conditions and fluid pressures prior to additional fatigue cycling to promote crack 
growth and further leakage experiments. From the known geometry friction factors could be derived. 

In many instances flow rates were very small, and flow laminar, and these results are ignored here for 
Lb-B assessment purposes. In other instances where the flow was turbulent, conditions where h 
becomes independent of R, were not achieved: those results, too, were ignored. This left very limited 
data where a plateau in the A, Reynolds Number plot arose, and this at about the h -1.2 level. Based 
on a R, value of some 2 0 p ,  reasonable agreement with equation 3 is obtained. It should be noted that 
R, values are not quoted, but 2 0 ~  is not unreasonable for a fatigue crack. For the other data that were 
in the transitional regime, h did not exceed 4. 

In this instance the data conform both to a relationship close to equation (3) and to the premise, A- 
< 4. 

Similar measurements were made in another wide plate test (unpublished). In this instance leakage was 
deduced as entirely within the transition regime and cannot be used to assess the friction factor 
relationships described above. However, although h approached 4 in these tests, that value was not 
exceeded. 

8.3 TWO PHASE n o w  THROUGH A FATIGUE CMCK 

Reference [9] reports experimental data with a through wall crack in a pipe pressurized with hot water. 
On leaking there would be (generally) a phase change. Under these conditions Reynolds Number will 
not remain constant. However, if flow is in the fully rough regime then h should remain essentially 
constant through the flow path, and analysis much as discussed previously can be followed. In this 
instance however, a thermo-hydraulic model that copes with two phase flow is required, and the code 



SQUIRT [9] was used. 

The Appendix to this paper discusses how SQUIRT can be used with specific values of A, or to deduce 
values of h to correspond to a measured flow rate. 

SQUIRT calculations were performed assessing parallel cracks of width corresponding to the mean. 
The crack width was in fact tapered, with the largest width on the outside; but errors from this 
assumption will not be large. 

Flowrates were calculated using the standard SQUIRT procedure with R, = 3 p ,  and with h = 4, and 
h = 1. The results for R, = 3 p  and h. = 4 are shown in Figure 2. This figure shows that the R. = 
3 p  data generally overestimates flowrate [A = 1 results in larger flowrates than for R. = 3 p ] ,  whereas 
A. = 4 gives a flowrate generally, lower than that measured: two points corresponded to h values just 
in excess of 4. Thus these results show 

lchs4 

I 0 Standard SQUIRT 

I 1 1 
2 u o  0.51 20 . 40 60 
0 a Qm grams I sec. 

Figure 2. Flow ratio versus flow rate as determined from 
SQUIRT in standard format and with h =4: 

Values of h to fit the measured flowrates were also calculated. The simple wisdom would be to 
interrogate these values with Reynolds Number but these cannot be accurately determined since flow 
will not be at constant temperature or fluid phase. However, for constant geometry 

where q is the fluid viscosity. Thus a plot of h versus Q, will approximate to the form of a A, Re plot, 
and this is shown in Figure 3. Clearly h is not independent of Q, (and hence Re). In terms of 
conventional wisdom it appears that the data might be in a transition regime as peaks, or apparent 
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peaks, are seen as Q, increases. To obtain some feel for Re the data for the pressure extremes at the 
largest bending moments were assessed. This was done using the program DAFTCAT with the 
geometry as discussed above, and considering either water or steam as the leaking medium. 

A 
4 

2 

0 Tests 1 - 5 

X 6 -10 

+ 11 -14 

15-18 

A 19-22 

I I 
1 I 0107 

13 O!O 5 
Moss flow rate KgIsec. 

Figure 3. Variation of h with flowrate (and approximate 
Reynolds Number) for two phase flow through a fatigue 
crack. 

For water the relevant upstream pressures, density and viscosity were input and a mass flowrate and 
Reynolds Number calculated. The ratio between measured and calculated flowrates were then 
determined and Re scaled by the same ratio. For steam it was assumed that the appropriate upstream 
conditions would correspond to the saturation state, and the above process was repeated. For a specific 
example Re for water and steam were calculated as 4 x lo4 and 2 x los, respectively. If it is argued 
that transitional behaviour is likely to be controlled by the water phase, then the former number can be 
used to scale the Q, axis in Figure 3, and this has been done; On this basis Figure 3 can be interpreted 
as showing the leakage data behaving in a transitional region, and out to high Re values. This is not 
incompatible with an extrapolation of the Nikuradse data, but is not compatible with that in [7]. 
However, the surfaces in [7] would be expected to precipitate early transitions. 

Clearly accurate interpretation of these calculations and results is not possible. Never-the-less, they 
conform with the interpretation that 

1.2 < h s 4 

Four is exceeded, marginally, but the value appears to be associated with a peak in the Re, h plot. 

9. DISCUSSION 

The preceding sections have reviewed leakage data through idealized cracks, and through real cracks. 

For the artificial defects correlations have been found between the ratio of hydraulic radius to R, and 
friction factor A Making assumptions about the relationship between R, values and other surface 
characterising features then the data appear to be bracketed by equations (1) and (3). Given that real 
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surfaces cannot be defined by a single parameter, but that correlations between R, and h can be 
deduced, then equations (1) and (3) could be used to assess likely frictional effects on flow rate. 
Appropriate ranges of R, could be selected from an experience data base. A major constraint, however, 
in that in general, the correlations have not been validated beyond h = 1. 

If calculated h values exceed unity then judgement must be exercised by the user. The data reviewed 
suggests that h s 4 applies. This limit is based on experimental results in both transitional and fully 
rough regimes, where behaviour appears to conform to the expectations from such classic work as that 
of Nikuradse. A possible exception are those results for two phase flow that are analysed above. For 
these it appears that the peak in the h: Re curve is not reached until Re = lo4. This seems high, but 
such a characteristic is not incompatible with an extrapolation of the Nikuradse data (peak at h = 0.06 
for Re = 2 x lo4). 

It is suggested that should 5 based on R, assessments, exceed unity then h equal to one and four should 
be used to assess uncertainties in flowrates. The variation in calculated flowrate will be dependent upon 
conditions, but, in the authors experience, is usually less than a factor of 3. 

10. CONCLUSIONS 

For calculated hvalues less than unity equations (1) and (3) provide reasonable bounds for determining 
h based on a R. value appropriate to the likely cracking mechanism. 

For h > 1 the position is less well defined, but the evidence does support the general hypothesis that 
& s 4. 
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APPENDIX 

The treatment of fluid friction within the SQUIRT code 

SQUIRT calculates a friction factor based on the Nikuradse relationship (equation (2) in the main text), 
but modified as W& reduces. The relationship is plotted in Figure 1. To this factor is added an 
additional head loss parameter. 

€ = -  AD 
2w 

This relationship is identical in form to the controlling parameter in DAFTCAT leading to equation (6). 

By inputting a very small (but non zero) value of surface raughness into SQUIRT, 5 can then be used 
to either input specific values for A, or to deduce values to correlate with experimentally determined 
leakage rates. 



DETERMINATION OF CRACK MORPHOLOGY PARAMETERS FROM SERVICE 
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ABSTRACT 

In leak-rate analyses described in the literature, the crack morphology parameters are typically not 
well agreed upon by different investigators. This paper presents results on a review of crack 
morphology parameters determined from examination of service induced cracks. Service induced 
cracks were found to have a much more tortuous flow path than laboratory induced cracks due to 
crack branching associated with the service induced cracks. Several new parameters such as local and 
global surface roughnesses, as well as local and global number of turns were identified. The effect of 
each of these parameters are dependant on the crack-opening displacement. Additionally, the crack 
path is typically assumed to be straight through the pipe thickness, but the service data show that the 
flow path can be longer due to the crack following a fusion line, and/or the number of turns, where 
the number of turns in the past were included as a pressure drop term due to the turns, but not the 
longer flow path length. These parameters were statistically evaluated for fatigue cracks in air, 
corrosion-fatigue, IGSCC, and thermal fatigue cracks. 

A refined version of the SQUIRT leak-rate code was developed to account for these variables. 
Sample calculations are provided in this paper that show how the crack size can vary for a given leak 
rate and the statistical variation of the crack morphology parameters. 

INTRODUCTION 

The key crack-morphology variables considered in past leak-rate analyses were surface roughness, 
number of turns in the leakage path, and entrance loss coefficients (Refs. 1 and 2). However, the 
examination of service cracks also shows that the cracks frequently do not grow radially through the 
pipe thickness. Hence, a fourth parameter, "actual crack patldthickness, representing deviation from 
straightness can also play an important role in the calculation of leak rates. Traditionally, this 
parameter has been ignored. 

In addition, current leak-rate calculations do not explicitly account for the effects of crack-opening on 
the crack-morphology parameters. Examination of service cracks in pipes as well as theoretical 
considerations suggest that these variables should depend on the magnitude of crack-opening. But, 
currently, there are no engineering models that would allow for these crack-morphology variables to 
be functionally dependent on the crack-opening characteristics of a pipe (Ref. 3). 
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In this study, simple linear models were developed based on local and global definitions of the crack- 
morphology variables which can be,measured from current service data. Standard statistical analyses 
of these data were conducted to determine the probabilistic characteristics (e.g., mean and standard 
deviation) of the crack-morphology parameters for several types of cracking mechanisms and pipe 
materials. Using these statistics, one can evaluate the effects of crack-morphology variability on the 
leak rate or leakage-size flaw for leak-before-break (LBB) or other applications. 

IMPROVED DEFINITIONS OF CRACK-MORPHOLOGY PARAMETERS 

Surface Roughness 

This input parameter defines the peak-to-peak roughness of the crack-face surface to be used in the 
calculation of the friction factor and pressure loss due to friction for fluid flow through a crack in a 
pipe. In the past, the surface roughness was assumed to be invariant with respect to COD. For 
example, the constant numerical values, such as 0.0062 mm and 0.04 mm, were used to quantify 
surface roughness of intergranular stress-corrosion cracks and fatigue cracks, respectively (Ref. 1). 
However, a careful examination of Figure 1 suggests that the appropriate surface roughness could be 

Large COD 

Small COD 

Figure 1 Local and global surface roughness and number of turns 



large (global) or small (local) depending on whether the COD is large or small, respectively. In this 
study, the dependence of surface roughness, p, was achieved by assuming a piecewise linear function 
given by 

c c =  

6 0.0 I - < 0.1 
PG 

--0.1 6 , 0.1 s - 6 s 10 
tcc 1 

6 - > 10 
PG 

where p, is the local surface roughness, pG is the global surface roughness, and 6 is the center-crack- 
openingdisplacement. Figure 2 shows the schematic variation of p with respect to 6. 

t -  ~ Factor for Deviation 

~ Number of Turns 

' Surface Roughness 

I 

0.1 
1 r  

10 

Figure 2 Crack-morphology variables versus normalized COD 



Number of Turns 

This input parameter defines the number of turns that the fluid must make when flowing through the 
crack. In fatigue and stress-corrosion cracks, the nuniber and severity of the bends can in some 
circumstances account for upwards of one-half the total pressure loss of the fluid when flowing 
through the crack. Typically, a 45- or a 90-degree angle change in flow direction results in about a 
0.4 and 1.0 velocity head loss, respectively. Norris et al. (Ref. 2) have shown this parameter to be 
of importance for stress-corrosion cracks. In the past, this parameter was thought to be of lesser 
importance for fatigue cracks because fatigue cracks generally break through in a fairly flat plane. 
However, the experimental results shown in Reference 1 indicate that the number of bends in the flow 
path can be significant even for fatigue cracks. This occurs when the variations in the contours of the 
relatively flat plane of a fatigue crack are large compared with the COD. Therefore, even though the 
fracture faces of a fatigue crack appear to be fairly flat to the naked eye, the fatigue cracks contain 
many flow path bends when the crack is tight. 

Following similar considerations given above for the surface roughness, the appropriate number of 
turns, 4, also depends on the COD. Once again, a piece-wise linear function was assumed, Le., 

6 0.0 I - < 0.1 
PG 

0.1% , I 6 - > 10 
PG 

where n, is the local number of turns. A schematic plot of Equation 2 is also shown in Figure 2. 

Discharge Coefficient 

The discharge coefficient is the ratio of the flow areas associated with the vena contracts to the flow 
area at the crack entrance. For sharp-edged crack entrances, a typical discharge coefficient would be 
a value of 0.60. For round or smooth-edged crack entrances, a typical discharge coefficient would be 
close to 0.95. 

Actual Crack PaWThickness 

This parameter represents the deviation of flow path from straightness. Depending on the COD (see 
Fig. 3), it can be defined as 



where La is the actual length of the flow path, 
for straightness (e.g., a crack following the fusion line of the weld), and &+L is the correction factor 
for global plus local path deviations for straightness (e.g., a crack following the grain boundaries for 
IGSCC). A schematic plot of Equation 3 is also shown in Figure 2. 

is the correction factor for global path deviations 

Large COD 

Small COD 

Figure 3 Global-plus-local and global path deviations from straightness 
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Note that the piecewise linear variation of the above crack morphology variables is a first attempt to 
simulate their dependency on COD. The numerical constants in Equations 1 to 3 are based on a 
review of cracks found in service and expert opinion at Battelle. Additional studies are needed to 
evaluate these linear models. 

Statistical Characterization of Crack Morphology Parameters 

Surface Roughness 

Some peak-to-peak roughness values for cracks found in pipes removed from service are summarized 
below. The statistics are listed in Tables 1 and 2 for stainless steel and carbon steel pipes, 
respectively, with various cracking mechanisms. 

Table 1 Summary of surface roughness measurements in stainless steel pipeda) 

Mechanism 
Roughness, pm (pinch) 

source Local Global 
(a) Stainless steel pipes - IGSCC 

IGSCC NP-2472 Vol. 2 2.03 101 

IGSCC 

IGSCC 

IGSCC 

IGSCC 

IGSCC 

Average 
Standard 
Deviation 
Range 

Number of 
Samples 

(see Figure 1-1) 

(see Figure H-9) 

(Paper 4, Figure 11) 

(Paper 4, Figure 5) 

(Paper 5, Figure 21) 

(Paper 19, Figure 12) 

NP-2472 Vol. 2 

"-3684SR, Vol. 3 

NP-3684SR, Vol. 3 

NP-3684SR, Vol. 2 

NP-3684SR, Vol. 2 

7.37 
(290) 
10.5 
(412) 

0.635 to 6.35 
(25.0 to 250) 

1.40 
(55) 

4.699 (185) 
3.937 (155) 

0.635 to 10.5 
(25 to 412) 

6 

(3,990) 
107 

(4923 0) 
74.4 

(2,930) 
41.9 

(1,650) 
127 

(5,000) 
27.9 

(1,100) 
80.010 (3,150) 
39.014 (1,536) 
27.94 to 127 

6 
(1,100 to 5,000) 

(b) Stainless steel pipes - fatigue in air 
Fatigue (air) Hitachi, 8.05 33.8 

(NED, Vol. 128, (3 17) 1,330 
1991, pp 24) 

(a) Original measurements made in U.S. customary units and converted to SI units. 



Table 2 Summary of surface roughness measurements in carbon steel pipeda) 

Roughness, pm (pinch) 
Mechanism Source Local Global 

(a) Ferritic Steels - fatigue in air 
Fatigue (air) 

Fatigue (air) 

Fatigue (air) 

Average 
Standard Deviation 
Range 

Number of Samples 

Corrosion fatigue 
(Point Beach plant feedwater line) 
Corrosion fatigue 
(D.C. Cook plant feedwater line) 
Corrosion fatigue 
(Beaver Valley plant feedwater line) 
Corrosion fatigue 
(Palisades plant feedwater line) 
Corrosion fatigue 
(Ginna plant feedwater line) 
Corrosion fatigue 
(Salem plant feedwater line 

Average 
Standard Deviation 
Range 

Number of Samples 

NUREG/CR-5128 3.02 -- 
(girth weld) (1 19) 
NUREG/CP-005 1 8.53 -- 
Mayfield, pp 365 (336) 
(A106B) 
Hitachi, NED, 8.05 33.8 
Vol. 128 (317) (1,330) 
1991, pp. 24 
(STS 42) 

6.528 (257) 33.8 (1,300) 
3.048 (120) -- 
3.02 to 8.53 -- 
(119 to 336) 

3 1 
(b) Ferritic Steels - corrosion fatigue in feedwater line 

NUREG/CR-1603, 8.64 44.4 
Figure 3.13 (340) (1,750) 
NUREG/CR-l603, 3.05 20.1 
Figure 3.17 (120) (790) 
"REG/CR-1603, 9.14 38.1 
Figure 3.15 (360) 
NUREG/CR-1603, 10.7 
Figure 3.11 (420) 
NUREG/CR-1603, 10.4 
Figure 3.8 (410) 
NUREG/CR- 1603, 10.9 
Figure 3.16 (430) 

8.814 (347) 
2.972 (117) 
3.05 to 10.9 
(120 to 430) 

6 

(1,500) 
61.0 

(2,400) 
58.4 

(2,300) 
21.1 
(830) 

40.513 (1,595) 
17.653 (695) 

(20.1 to 61 .O) 
(790 to 2,400) 

6 

(a) Original measurements made in U.S. customary units and converted to SI units. 

Stainless Steel - IGSCC 
Surface roughness values for an IGSCC crack from the BattelleEPRI Phase II pipe leak-rate 
experiments (Ref. 4) were measured to be 5.10 pm (200 microinches). (Note: The authors expressed 
doubt about the accuracy of this measurement in the paper.) Furthermore, the crack was thought to 
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grow at a 10 to 15 degree angle from the straight crack through the thickness, which would increase 
the global flow path by 1.5 to 3.5 percent. 

From a typical stainless steel used in Ref. 5 (see Figure 1-1 of Ref. 5) ,  the global surface roughness 
that includes the peak-to-peak heights for intergranular crack growth was 101 pm (3,990 
microinches). The roughness along the grain boundary was estimated to be 2.03 pm (80 
microinches). 

Using Figure H-9 in Reference 5, a global roughness for an IGSCC crack was estimated to be 107 
pm (4,230 microinches). 

From a paper by Christer Jansson on Swedish IGSCC studies (Ref. 6), Figure 11 of Reference 6 
shows the typical global surface roughness for an IGSCC crack to be 74.5 pm (2,930 microinches), 
and Figure 5 of Reference 6 shows a global roughness of 41.9 pm (1,650 microinches). The 
roughness along a grain boundary could be up to 7.37 pm (290 microinches) in Figure 11 of 
Reference 6 and 10.5 pm (412 microinches) in Figure 5 of Reference 6. 

From the paper by Olson et al. (Ref. 7) on large pipe IGSCC experiments at Battelle Pacific 
Northwest Laboratory (PNL), Figure 21 of Reference 7 shows that the typical global surface 
roughness of IGSCC cracks was 127.0 pm (5,000 microinches). The roughness along a grain 
boundary could be up to 6.4 pm (250 microinches) in some areas and perhaps a factor of 10 less in 
other areas (0.64 pm [25 microinches]). 

From the paper by Kurtz (Ref. 8) on effects of sulfides on IGSCC at PNL, Figure 12 of Reference 8 
shows the typical global surface roughness for an IGSCC crack to be 27.9 pm mm (1 , 100 
microinches). The roughness along a grain boundary was 1.40 pm (55 microinches) in some 
relatively smooth areas. 

Stainless Steel - Fatigue (Air) 

Hitachi fatigue cracked pipe results showed a smaller or local surface roughness superimposed on a 
larger or global surface roughness (Ref. 9). The average value of the global roughness may 
correspond to the waviness of the fatigue crack, 33.8 pm (1,330 microinches). The average value of 
the local roughness was 8.05 pm (317 microinches). The results were very similar for their ferritic 
and stainless steel pipes. 

Carbon Steel - 'Corrosion Fatigue 

From an investigation on thermal fatigue cracks in a feedwater line from the Point Beach plant in the 
1978 time period (Ref. lo), Figure 3.13 of Reference 10 showed a local surface roughness of 8.64 
pm (340 microinches) and a global surface roughness of 44.4 pm (1,750 microinches). 

From the same investigation (Ref. lo), a thermal fatigue crack in a feedwater line from the D.C. 
Cook plant in the 1978 time period, Figure 3.17 of Reference 10 showed a local surface roughness of 
3.05 pm (120 microinches) and a global surface roughness of 20.1 pm (790 microinches). 



From the same investigation (Ref. lo), a thermal fatigue crack in a feedwater line from the Beaver 
Valley plant in the 1978 time period, Figure 3.15 of Reference 10 showed a local surface roughness 
of 9.14 pm (360 microinches) and a global surface roughness of 38.1 pm (1,500 microinches). 

From the same investigation (Ref. lo), a thermal fatigue crack in a fe.edwater line from the Palisades 
plant in the 1978 time period, Figure 3.11 of Reference 10 showed a local surface roughness of 10.7 
pm (420 microinches) and a global surface roughness of 61.0 pm (2,400 microinches). 

From the same investigation (Ref. lo), a thermal fatigue crack in a feedwatlr line from the Ginna 
plant in the 1978 time period, Figure 3.8 of Reference 10 showed a local surface roughness of 
10.4 pm (410 microinches) and a global surface roughness of 58.4 pm (2,300 microinches). 

Carbon Steel - Fatirme (Air) 

In Reference 1, results on a carbon steel weld fatigue crack showed a roughness of 3.02 pm (119 
microinches). 

Measurements of a carbon steel base metal fatigue crack in air from the NRC Cold-Leg program 
showed a roughness of 8.53 pm (336 microinches). These are obtained from a technical paper 
authored by Mayfield and Collier (Ref. 11). 

Hitachi fatigue cracked pipe results showed a local surface roughness superimposed on a global 
surface roughness (Ref. 9). The average value of the global roughness may correspond to the 
waviness of the fatigue crack, 33.8 pm (1,330 microinches). The average value of the local 
roughness was 8.05 pm (317 microinches). The results were very similar for their ferritic and 
stainless steel pipes. 

Number of Turns per Unit Thickness 

From the examinations of photomicrographs in References 8 to 12, Tables 3 and 4 show the number 
of 90-degree turns per inch of thickness for stainless steel and carbon steel pipes, respectively. For 
IGSCC cracks in stainless steels this can be a much larger number than for a corrosion fatigue crack, 
and can also vary significantly since the grain size may vary. 

Entrance Loss Coefficient (CD> 

If entrance edges have a radius of 1/6 of the COD or larger, then they are considered to be rounded 
and CD = 0.62. Consequently, for IGSCC with sharp edges (no pitting corrosion to smooth the 
edges), CD = 0.95 for small COD values, i.e., COD < 0.006 inch. For Fatigue and corrosion 
fatigue typically at small pits with some surface corrosion to round the edges, C,, = 0.62 for all COD 
values of interest. These values were obtained from Reference 1. 

Actual Crack Path/Thickness 

Most leakrate analyses assume that a crack grows straight through the thickness. This is not true for 
real cracks. In the first type of example, a crack could follow a weld. Here the length of the crack 
along a typical 37-degree weld bevel is l/[cos (37 degrees)] or 1.25 times the thickness. 
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Table 3 Summary of measurements of the number of 90-degree turns in stainless steel pipes'") 

IGSCC NP-m Vol. 2 (see F i i  El) 57.1 (1.450) 

IGSCC NP-3684sR. Vol. 3 (paper 4, Figure 11) 13.9 (352) 

IGSCC NP-3684sR. Vol. 3 (papa 4, F i  5) 34.4 (873) 

IGSCC NP-3- VO~. 2 (papa 5, F i  21) 9.45 W) 

IGSCC NP-3684sR. VOI. 2 (RIP 19. F i  12) 26.4 (670) 

28.23 (717) 
18.94 (481) 

9.45 to 57.1 (240 to 1.450) 
5 

Fatigue (air) Hinchi (NED. Vol. 128, 1991. pp. 24) 2.52 (64) 

(a) original meaancmentr made in U.S. ~lstomary rmitc aud ccavabj to SI units. 

Table 4 Summary of measurements of the number of 90-degree turns in carbon steel pipes" 

Fatigue (air) 

Corrcrim fatigue 
(poim Bcach plant fadwater Lhr) 

Corrosioo fatigue 
@.C. Cook plant f adwun  h) 

c4mrsim fafiguc 
(Beaver valley plant fadwater Lhr) 

palkada plam fadwun  Lhr) 

Corrcrim f d g w  
(Gm plant fccdurltcr h) 

Corrcrim fatiguc 
(Salem plam fadwun line) 

Cornaim Fatigue 

Avenge 
StaoQrd dcvktim 

Numkr Of &mpIes 
w e  

(a) Furttlcsteeb-Mgueinalr 

Hitachi, NED.Vo1. 128 2.0 
1991. pp. 24 (STS 42) (51) 

@) Furft lcsteeb-~~&ht&~e 
in feedwater bes 

NUREGKR-1603. 2.4 
F i  3.13 (61) 

NUREGKR-1603, 20.0 
F i i  3.17~ (Ms) 

Figure 3.15 , (5s) 

Figure 3.11 (349) 

NUREGICR-1603, 1.42 
F i  3.8 86.0) 

NUREGICR-1603. 0.63 
Figure 3.16 (16) 

NUREGICR-1603. 2 3  

NUREGICR-1603. 13.7 

6.73 (171) 
8.07 0 

6 
1.42 to 20.0 (16 10 Ms) 
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Reference 12 shows an example of such a service crack. Another example for angular crack growth 
of thermal fatigue cracks in feedwater piping, where from metallographic sections in Reference 10 
showed that the flow path length was 1.05 times the thickness. These changes in the flow path length 
would effect the leak rate for small or large crack-opening displacements. We termed this effect the 
global flow path correction, &. 

Additionally, many leak-rate analyses account for the pressure drop from a turn in the flow path, but 
do not account for the flow path being longer because of these turns. For instance, these small turns 
can occur along grain boundaries for an IGSCC. This local waviness is terined J&+L, because of the 
way it was measured included the & effects. If the COD is small compared with the global 
roughness, then the local waviness will cause an increase in the flow path length. If the COD is 
small compared with the global roughness, then the local surface roughness should be used with this 
local plus global waviness flow-path multiplication factor, J&+L, as well as the pressure drop from the 
number of turns. 

Measured values of & and &+L from typical cracks for stainless steel and carbon steel, are presented 
in Tables 5 and 6. In general, these values are larger for IGSCC cracks in stainless steels than for 
corrosion fatigue cracks in carbon steels. 

A separate evaluation was also made to assess the crack morphology parameters for a thermal fatigue 
crack in cast stainless steel. Photographs of fracture surfaces from Reference 13 were examined. 
Only a few cases were sufficiently documented for the level of detail needed in this work. Of these, 
the crack morphology parameters fell in the range of the carbon steel corrosion-fatigue cracks. 
Hence, the carbon steel crack morphology variables could be used for the cast stainless steel thermal 
fatigue-crack morphology. Further details on the statistical characterization of crack-morphology 
parameters are available in References 14 and 15. 

Table 7 shows the summary of results in terms of statistics of the crack morphology variables. In 
general, it was found that the global surface roughness, local number of turns, and the path deviation 
factors for IGSCC in stainless steel are larger than those for corrosion fatigue in carbon steel. But, 
when the local surface roughness is considered, it was found to be larger for the corrosion fatigue 
type of cracking mechanism. However, note that the statistical properties presented in Table 7 were 
based on a small number of samples. Hence, these results should be viewed as preliminary estimates. 
Further studies are needed to verify these results. 

Implications of Crack Morphology Variables 

The statistical properties of crack-morphology variables developed in this work can be used to 
calculate the probabilistic characteristics of the leak rate and leakage flaw size for LBB applications. 
Calculations of this kind are routine in performing LBB evaluations. Based on the statistics, both 
deterministic and probabilistic evaluations can be made. 

Battelle recently conducted a probabilistic study using these statistics to compute the probability 
distribution of crack size for given leak-rate detection capability, Ref. 16. In that study, a stainless 
steel pipe with a probable IGSCC cracking mechanism was analyzed. Assuming that the associated 
crack-morphology variables are lognormally distributed, 100 independent samples of these variable 



Table 5 Crack flow-path-length to pipe thickness ratios for stainless steel pipes 
~~ 

Mechanism Source &+L & 

W Stainless steel D i m  - IGSCC 

IGSCC 

IGSCC 

IGSCC 

IGSCC 

IGSCC 

Average 
Standard Deviation 

Number of Samules 
Range 

NP-2472, Vol. 2 (See Figure G-14) - 1.47 

NP-3684SR, Vol. 3 (Paper 4, Figure 11, 75x) 

NP-3684SR, Vol. 3 (Paper 4, Figure 5, 100x) 

NP-3684SR, Vol. 2 (Paper 5, Figure 21) 

NP-3684SR. Vol. 2 (Paper 19, Figure 12, 200x) 

1.35 

1.53 

1.15 

1.15 

1.33 
0.17 

1.15 to 1.53 
5 

1.25 

1.02 

1.06 

1.02 

1.01 

1.07 
0.10 

1.01 to 1.25 
5 

Table 6 Crack flow-path-length to pipe thickness ratios for carbon steel pipes 

Mechanism Source &+L & 
(a) Ferritic Steels - Corrosion fatigue in feedwater lines 

Corrosion fatigue NUREGICR-1603, 1.10 1.035 
(Point Beach plant feedwater line) 

(D.C. Cook plant feedwater lie) 

Corrosion fatigue NUREGICR-1603, 1.08 1.03 
(Beaver Valley plant feedwater lie) 

(Palisades plant feedwater line 
Corrosion fatigue NUREGICR-1603, 1.07 1.03 
( G m  plant feedwater lie) 

(Salem plant feedwater lie) 

Figure 3.13 

Figure 3.17~ 

Figure 3.15 

Figure 3.11 

Figure 3.8 

Corrosion fatigue NUREGICR-1603, 1.03 1.001 

Corrosion fatigue NUREGICR-1603, 1.04 1.004 

Corrosion fatigue NUREGICR-1603, 1.02 1.001 
Figure 3.16 

Average 1.06 1.017 
Standard Deviation 0.03 0.0163 
Range 1.02 to 1.10 1.001 to 1.035 
Number of Samples 6 6 



Table 7 Mean and standard deviation of crack morphology parameters 

Crack IGSCC Corrosion Fatigue 
Morphology 

Variable Mean Standard Deviation Mean Standard Deviation 

PLt  Pm 4.70 3.94 8.81 2.97 

PG,  Pm 80.0 39.0 40.5 17.7 

%, mm-' 28.2 18.9 6.73 8.07 

0.10 1.02 0.016 

KG+L 1.33 0.17 1.06 0.03 

KG ' 1.07 

were generated from the statistical properties in Table 7. An example calculation is shown here to 
see the effect of the crack morphology variables on calculating a flaw size for a given leak rate. 

For each set of these crack morphology parameters, standard (deterministic) thermal-hydraulic and 
fracture-mechanics analyses were performed to compute the crack size for a leak rate of 3.785 I/min 
(1 @m). This was done for a 711-mm (28-inch) diameter Schedule 80 stainless steel pipe assuming 
an IGSCC mechanism. The same deterministic analyses were repeated for each of the 100 sample 
sets of crack-morphology variables to generate the corresponding samples of the leakage flaw size. 
Following standard statistical analysis of these replicated samples, Figures 4 and 5 show the histogram 
and cumulative probability of leakage flaw size in this pipe. Comparisons with the theoretical 
distributions suggest that the flaw size can also be modeled as a lognormal variable. 

Examples of this kind show how the uncertainties in the crack-morphology input can be accounted for 
in characterizing leakage flaw size for LBB evaluations. Further details on these calculations can be 
found in Reference 16. The report also contains subsequent probabilistic pipe fracture evaluations for 
a wide variety of nuclear piping systems in BWR and PWR plants. 

CONCLUSIONS 

The results of this study provided an initial data base for defining the surface roughness parameters 
for cracks that have been found in service. The crack morphology of these service cracks are 
typically more complicated than those typically used in laboratory leak-rate studies. Consequently the 
new local and global definitions to take into account the effect of how these parameters vary with 
COD were developed to improve the accuracy of leak-rate models. Further additions to the data base 
of crack morphology parameters is encouraged. 
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THE IPIRG PROGRAMS - ADVANCES IN PIPE 
FRACTURE TECHNOLOGY 

G. Wilkowski, R. Olson, P. Scott, A. Hopper 
Battelle, Columbus, Ohio USA 

ABSTRACT 

This paper presents an overview of the advances made in fracture control technology as a result of the 
research performed in the International Piping Integrity Research Group (IPIRG) program. The 
findings from numerous experiments and supporting analyses conducted to investigate the behavior of 
circumferentially flawed piping and pipe systems subjected to high-rate loading typical of seismic 
events are summarized. 

Topics to be discussed include; 

0 "Real" piping system response. 

Seismic loading effects on material properties, 
Piping system behavior under seismic loads, 
Advances in elbow fracture evaluations, and 

The presentation for each topic will be illustrated with data and analytical results. In each case, the 
state-of-the-art in fracture mechanics prior to the first IPIRG program will be contrasted with the 
state-of-the-art at the completion of the IPIRG-2 program. 

OVERALL DESCRIPTION OF THE IPIRG PROGRAMS 

Prior to summarizing the results of the IPIRG programs, the two programs are briefly described. 

The IPIRG1 Program 

In the First International Piping Integrity Research Group (IPIRG-1) Program('), Battelle conducted 
the first major research program to assess the fracture behavior of circumferentially cracked piping 
systems subjected to dynamic/cyclic loading. Virtually all prior programs involving pipe fracture 
evaluations considered straight pipe under quasi-static loading conditions. The IPIRG-1 Program 
evaluated the separate and combined effects of dynamic and single-frequency cyclic loading on 
circumferentially cracked pipe in four-point-bending experiments and in pipe system experiments. 
The results from both the load-history effects on fracture and the piping system evaluations gave 



significant insight into the real behavior needed to assess the accuracy of leak-before-break (LBB) and 
in-service flaw evaluations. 

The IPIRG2 Program 

Just as the IPIRG-1 Program built on the Degraded Piping Program(2), the Second International 
Piping Integrity Research Group (IPIRG-2) Program(3) built on what was learned during the IPIRG-1 
program and the Short Cracks in Piping and Piping Welds program(4). There were five tasks in the 
IPIRG-2 program, which are briefly defined as follows. 

IPIRG2 Task 1: The scope of Task 1 of the IPIRG-2 program was to conduct and evaluate pipe 
system experiments with flaws in straight pipe and welds, with specific attention to using a simulated 
seismic loading history in specific cases as opposed to the single-frequency loading used in the IPIRG- 
1 program. Nuclear piping fracture research in the international community over the past decade has 
focussed on relatively large cracks in straight pipe and welds joining straight pipe under simple 
monotonic loading. As a result, the technology for predicting the behavior of such cracks is 
relatively mature. In contrast, understanding; (1) the effects of complex load histories with variable 
amplitudes and multiple frequency content such as in a seismic event, (2) the effects of changes in 
geometry and local stiffness such as at the junction of a straight pipe and an elbow, and (3) the effects 
of shorter crack lengths more typical of in-service flaw evaluations or Leak-Before-Break (LBB) 
analyses, required further exploration and development. The Short Cracks in Piping and Piping 
Welds Program(4) conducted at Battelle for the USNRC has addressed the issue of shorter crack 
lengths, but the loading conditions for all of those experiments were quasi-static four-point bending. 
The experiments and analyses performed under Task 1 were intended to extend the database for 
validating pipe fracture analyses by building upon past and on-going research and providing additional 
experimental data in these relatively unexplored areas. 

The eight pipe fracture experiments in Task 1 consisted of five pipe system experiments and three 
quasi-static monotonic loading experiments. The quasi-static companion experiments were conducted 
at quasi-static loading rates using the same flaw geometries and sizes, the same test conditions, and 
test specimens fabricated from the same heat of pipe as used in the pipe system experiments. These 
quasi-static pipe experiments were conducted for comparison purposes so that the effect of the 
dynamic, cyclic loading could be directly assessed. 

An artist’s conception of the IPIRG-2 experimental pipe system facility is shown in Figure 1. The 
pipe system is fabricated as an expansion loop with approximately 30.5 meters (100 feet) of straight 
pipe and five long-radius elbows. Special hardware, i.e., spherical bearings at the hanger locations 
and hydrostatic bearings at the vertical supports, were incorporated into the pipe system facility in 
order to create boundary conditions which could be easily modeled by finite element analyses. 

IPIRG2 Task 2: This task was a start at addressing the broad issue of fracture of flawed fittings, 
specifically elbows. The objective of this task was to develop engineering estimation methods to 
predict the fracture behavior of surface-cracked elbows and to validate these methods with large- 
diameter elbow fracture experiments. The vast majority of prior piping integrity research dealing 
with critical flaw assessment methodologies has addressed the problem of cracks in straight pipe only. 
Prior analytical and experimental work by Battelle and other research organizations has led to the 
development of elastic-plastic fracture mechanics and limit-load solutions .applicable to straight pipe, 
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Accumulators 

tuator and Servovalve 

Figure 1. Artist’s conception of the IPIIZG pipe loop 

which have been adopted by jurisdictional codes. However, the applicability of these methods to 
elbows or other fittings remains speculative. 

Task 2 consisted of three subtasks directed toward improving the understanding of the fracture 
behavior of elbows under quasi-static and dynamic loading. The scope of Subtask 2.1 was to survey 
and assess existing flawed fitting data by; (1) reviewing and compiling the crack locations in elbows 
and other pipe fittings from actual service experience, (2) reviewing and compiling the existing 
experimental research data on flawed elbows, (3) comparing the data from existing flawed elbow 
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experiments with various existing flaw assessment methodologies developed for straight pipe, (4) 
reviewing fabrication methods to assess how material properties may be affected, and (5) describing 
the experimental difficulties which may be involved with testing elbows and other flawed fittings. 

The purpose of Subtask 2.2 was to survey and assess existing JTestimation methods applicable to 
elbows and to modify them as necessary. If these existing approaches proved inadequate, an optional 
activity was to develop valid J-estimation methods for those cases for which the existing analytical 
methods do not currently apply. In this effort, a J-estimation method was developed for 
circumferential surface cracks on the extrados of an elbow, and for an axial surface crack along the 
flank of the elbow. Both cases were for combined pressure (tension) and bending loads. The J- 
estimation scheme developed followed the GEIEPRI methodology where F, V, and h functions were 
developed from finite element analyses. 

Subtask 2.3 was an experimental subtask in which full-scale elbow data were developed. There were 
a total of four experiments associated with this subtask. Two experiments involved an internal 
surface crack in the extrados of carbon steel elbows, and two involved an internal surface crack in the 
extrados of stainless steel elbows. For each set of experiments, there was a quasi-static four-point 
bend experiment and a companion dynamic pipe system experiment. The test conditions for each 
experiment were PWR conditions, Le., 288 C and 15.5 MPa. The load history applied to the pipe 
system experiments was an increasing amplitude, constant frequency, sinusoidal excitation, similar to 
that used in the IPIRG-1 pipe system experiments. 

IPIRG2 Task 3: This task dealt with cyclic and dynamic load effects on fracture toughness. In the 
IPIRG-1 program, cyclic through-wall-cracked pipe experiments were conducted. These experiments 
showed that reversed cyclic loadings caused a significant decrease in the apparent toughness of the 
cracked pipe. In IPIRG-2, laboratory specimen data were developed to see if these experimental pipe 
results are predictable and to assess if the cyclic J-R curves determined from monotonic loading 
theory are reasonably valid for general application to structural predictions. To achieve the goals of 
this task, a comprehensive effort involving cyclic C(T) specimen fracture toughness tests, sensitivity 
analyses, finite element analyses, and full-scale pipe fracture experiments was undertaken. 

IPIRG2 Task 4: This task involved undertaking either unresolved issues that were discovered 
during the course of the program, or specific efforts for IPIRG members. Some efforts involved 
cyclic pipe tests on Japanese ferritic pipe, uncertainty analyses for LBB and in-service flaw evaluation 
criteria, and improvements to the SQUIRT leak-rate code. 

IPIRG2 Task 5: The objective of the final task in the IPIRG-2 program was to coordinate the 
program’s seminars, workshops, and program management tasks. Part of the IPIRG tradition was to 
organize and conduct information exchange seminars and workshops focussed on pipe fracture 
technology and to provide the overall program management function for the program. On a regular 
basis, the members of the IPIRG Technical Advisory Group (TAG) met with researchers from 
Battelle. There were a total of seven TAG meetings scheduled during the course of the IPIRG-2 
program. These TAG meetings provided a forum for the presentation of program progress and 
results which were scrutinized and reviewed by the members. Formal presentations by the TAG 
members, and informal exchange between members, provided a mechanism for the various members 
to share information. Associated with a number of these TAG meetings were round-robin workshops 



and analyst's group meetings which further encouraged the free exchange of ideas through hands-on 
use of the analysis methodologies and presentations focused on particular technical issues. 

SUMMARY OF RESULTS FROM THE IPIRG PROGRAMS 

Although there are numerous results from these programs, only the major ones are summarized in this 
paper. These results are summarized in four categories: (1) seismic loading effects on material 
properties, (2) piping system seismic loads, and (3) advances in elbow fracture evaluations, and (4) 
"real" piping system response. 

Seismic Loading Effects on Material Properties 

In current leak-before-break (LBB) and in-service flaw evaluation criteria, the fracture evaluations 
typically use a quasi-static stress-strain curve and J-R curve data. Seismic loading, however, is both 
dynamic and cyclic in nature. Prior to the IPIRG programs, no efforts had been undertaken to 
determine if using quasi-static material properties was appropriate. 

During the IPIRG-1 program, quasi-static and dynamic tensile tests were conducted. The dynamic 
tensile tests were conducted at rates of l/s and lO/s. These rates were thought to bound the strain 
rates that may occur in a seismic event. In addition, quasi-static and dynamic monotonic loaded C(T) 
tests were conducted. These tensile and C(T) tests were conducted on a variety of ferritic and 
austenitic nuclear piping steels. All tests were conducted at 288 C (550 F) and are described in 
Reference 5. 

Also during the IPIRG-1 program, a series of circumferential through-wall-cracked pipe fracture 
experiments were conducted with the intent of investigating the separate effects of dynamic and cyclic 
loading on the fracture toughness of typical ferritic and stainless steels. These experiments were 
conducted within IPIRG-1 Subtask 1.2, and are described in detail in References 6 and 7. 

Subsequently in the IPIRG-2 program, additional data were developed to; (1) determine the effect of 
dynamic loading on a wider range of ferritic pipe steels, (2) to see if the effects found in the cyclic 
through-wall-cracked pipe test can be reproduced in C(T) tests, and (3) investigate the effects of R- 
ratios between 0 and -1 on the cyclic J-R curves. All data were determined at 288 C (550 F). At 
this point in time, some additional weld cyclic C(T) tests are being conducted, but the general trend 
of the rest of the data is as follows. 

(1) The austenitic materials had a slight increase in their stress-strain curves at the higher strain 
rates. Hence, for pipe fracture analyses, the quasi-static stress-strain curves can be used. 

For the ferritic pipes evaluated, dynamic effects on the stress-strain curves were found to affect 
all 10 ferritic pipe materials evaluated. There was a 10 to 30 percent drop in the ultimate 
strength at strain-rates of 11s to 1O/s when compared to the quasi-static test at 10-5/s. The 
important question to be addressed for ferritic materials is what is the effective strain rate for a 
cracked pipe under seismic loading. This is important since pipe fracture analyses typically use 
tensile test data from one loading rate, Le., viscoplastic calculations are not done. If the crack 
is large, then the strain rates in the uncracked pipe are low and only the net-section and crack 
tip areas experience higher strain rates. If the crack is smaller, then the uncracked pipe may 
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experience higher strains and hence strain rates. Pipe tests to date with large cracks show that 
the quasi-static stress-strain curve is appropriate to use, but it is unsure if this will also be true 
for short-crack, dynamic, ferritic pipe experiments where the strain amplitudes and strain rates 
will be higher. The detrimental higher strain-rate effects may be occurring closer to the crack 
tip, and therefore may be captured in the dynamic J-R curve. 

(3) For the austenitic weld, aged cast stainless steel, and the ferritic weld evaluated, the J-R curves 
increased about 30 percent at loading rates comparable to a seismic event, i.e., about 0.2 
seconds to crack initiation. This effect seems to be related to the quasi-static yield-to-ultimate 
ratio at the same temperature, see Figure 2. 

(4) For ferritic base metals at dynamic rates, the J-R curve was equal to or lower than the quasi- 
static J-R curve. The sensitivity of the material to dynamic strain aging @SA) seemed to be 
the cause of this effect. This effect was initially investigated using the Short Cracks program 
DSA screening criteria(8), where the trends of the ratio of the quasi-static-to-dynamic J-R 
curves seemed to be related to the ratio of the Brinell hardness at high temperature to room 
temperature, see Figure 3. Interestingly, with the existing data there also seems to be a trend 
of the dynamic-to-quasi-static J-R curves as a function of the yield-to-ultimate strength of the 
material at the C(T) test temperature, see Figure 2. At this time, it is not certain if the trend in 
Figure 2 for the ferritic steels is an artifact of the available data, or indeed is universally 
correct. The implication of the trend in Figure 2 with yield-to-ultimate strength ratios is that 
for future plants, it is better to specify ferritic steels with higher yield-to-ultimate strength 
ratios. This trend should be validated for new material applications. 

(5) The effect of cyclic loading was to decrease the J-R curve if the loading was fully reversed, 
i.e., R=-1. This was true for an A106 B and two TP304 stainless steel base metals 
investigated. Figure 4 shows that there seems to be a trend with yield-to-ultimate strength 
ratios, and the trend holds for both pipe and C(T) specimens. Separate stainless steel and 
ferritic steel weld cyclic C(T) tests are in progress. If the yield-to-ultimate strength ratio trend 
is correct, then the weld metal specimens should show lower damage to cyclic loading than the 
base metals. 

(6) The effects of the R-ratio on the J-R curve appears to saturate to a minimum value at an 
R-ratio of -1. At R=O, there is negligible effect, i.e., equal to the monotonic J-R curve. The 
transition of the J-R curve from R= 0 to -1 appears to be sensitive to the material toughness. 
For instance, for the tough stainless steel, C(T) test results showed that the J-R curves started 
to drop from the monotonic J-R curve level at R=-0.8, whereas for a lower toughness A106 B 
carbon steel, the start of the drop in the cyclic J-R curve was at R=-0.6. Data on an even 
lower toughness material from a separate program at Battelle showed that this drop of the 
cyclic curve from the monotonic J-R curve occurred at an R-ratio between 0 and -0.3. 
Figure 5 shows the expected trends for the cyclic J-R curves at different R-ratios. 

(7) Separate metallographic studies on cyclically loaded C(T) specimens showed that compressive 
loads flattened the voids ahead of the crack tip, which would be sharper and link together 
easier during subsequent tensile loading. Additionally, the compressive loads plastically 
deformed the crack-tip material. The void flattening and compressive crack-tip plastic strains 
vary as a gradient from the crack tip, hence there are two important parameters; (1) the 
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increment of crack growth between cyclic unloadings or cyclic plasticity prior to crack growth, 
and (2) the R-ratio. 

Piping System Seismic Loads 

During the IPIRG-1 program, the pipe system experiments were conducted with single-frequency 
loading where the excitation frequency was typically about 85 percent of the first natural frequency of 
the pipe system. In this way, there were pressure stresses, thermal expansion stresses, inertial 
stresses and seismic anchor motion stresses. The bending stresses were all in one plane, and there 
were negligible torsion and dead-weight stresses. Experiments were conducted with circumferential 
surface cracks in a straight-pipe high-bending stress region of the pipe loop, see Figure 1. Higher 
strength carbon steel piping materials were used everywhere in the pipe loop except within a short 
distance near the crack location. In this way, the only plasticity that occurred was at the cracked pipe 
section. This test procedure minimized the cost to reuse the pipe loop for subsequent tests. The 
IPIRG-1 pipe experiments were conduced with cracks in the base metals of A106 Grade B pipe 
(CSBM), TP304 stainless steel (SSBM), and an artificially aged cast stainless steel pipe (ACS). There 
were also pipe system experiments with cracks in the center of a ferritic submerged arc weld (CSW) 
and an austenitic submerged arc weld (SSW). For each pipe, there was a companion quasi-static pipe 
experiment conducted with a similar crack size. 

A key aspect in the reduction of the IPIRG-1 pipe test data was the comparison of the maximum loads 
from the pipe system and the quasi-static pipe experiments. Figure 6 shows a bar graph of the 
maximum loads and differentiates these loads into the different components, Le., pressure induced 
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membrane loads (PJ, inertial, thermal expansion (Ph, seismic anchor motion (SAM),  and the quasi- 
static bending loads (QS Bend). Note that in most cases, the pipe system maximum loads are lower 
than the quasi-static bend tests maximum loads. These data can be replotted by looking at a ratio of 
the maximum loads of the system experiments to the quasi-static experiments versus the quasi-static 
yield-to-ultimate strength ratio, see Figure 7. It can be seen in Figure 7 that there is generally a good 
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Figure 7 Ratio of IPIRG1 pipe system maximum loads to the companion quasi-static pipe 
test maximum load versus quasi-static yield-to-ultimate strength (AU data at 288 C) 

correlation except for the ferritic base metal pipe experiment. For this material, the dynamic loading 
decreased the toughness, which was different behavior than the other pipe materials. Hence, these 
results coincide with the trends in the dynamic and cyclic J-R curve results as a function of yield-to- 
ultimate strength as shown earlier in Figures 2 and 4. 

In the PIRG-2 program, a seismic forcing function was used in several pipe system experiments. 
Great care was taken in designing the seismic forcing function. This design effort involved using a 
finite element model of a PWR and an artificial seismic ground motion acceleration time history with; 
(1) the USNRC Reg. Guide 1.60 horizontal and vertical spectra, (2) USNRC SRP 3.7.1 seismic 
design criteria for duration, spectra enveloping, frequency spacing, and minimum power spectral 
density, and (3) conformance with most of the requirements of nonmandatory ASME Section III 
Division 1 Appendix N. Assuming a pipe location in the plant, a corresponding moment-time history 
in uncracked pipe was determined. The basic time history was then scaled to get an SSE loading 
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(0.2g) and a loading that was predicted to cause surface-crack penetration (1.25g) using a nonlinear 
spring (cracked pipe) analysis (Ref. 9). Figures 8a, b, and c show the actuator displacement-time 
history, the uncracked pipe moment-time history at the proposed crack location, and the results of the 
cracked-pipe element in the dynamic analysis to scale the amplitude to get sufficient moment to 
initiate and grow the crack. 

Seismic loading was applied in three IPIRG-2 pipe system experiments. Two of these were surface- 
cracked pipe experiments using the same A106 Grade B and TP304 pipe materials and flaw sizes used 
in the IPIRG-1 program. The third seismic pipe system experiment was a short through-wall-cracked 
pipe experiment in a different A106 B pipe. A quasi-static short through-wall-cracked pipe 
experiment was also conducted for comparison. 

Figure 9a shows the cracked-section moment-time history from the IPIRG-2 stainless steel pipe 
system experiment. During the experiments, the local rotation of the pipe at the crack location was 
also recorded. The cracked-pipe-section moment versus the cracked-pipe-section rotation is shown in 
Figure 9b. Several interesting aspects can be noted in these figures. First, with this seismic time 
history, the crack initiated after the maximum load occurred. Increasing the amplitude of the seismic 
time history might have caused the two to be the same. In this case, the cyclic loading after the 
maximum load apparently caused the toughness to decrease and the crack to initiate and grow in low- 
cycle fatigue. From current LBB and in-service flaw evaluation criteria, the cyclic loading effects are 
not considered, so such analyses would expect that if the flaw survived the maximum load, then it 
would survive all subsequent cyclic loads. Secondly, it can be seen in the moment-rotation figure, 
that there were a few initial elastic cycles, followed by a large plastic cycle that caused the crack to 
blunt but not initiate. Hence, the crack effectively experienced monotonic dynamic loading with this 
seismic forcing function through the first large amplitude cycle. 

Somewhat similar results occurred in the surface-cracked ferritic pipe seismic experiment. Figures 
10a and 10b show the moment-time history and the cracked-pipe section moment-rotation curves. In 
this case, the ferritic pipe surface crack initiated and broke through the thickness during the first large 
amplitude cycle. 

Comparing the seismic, single-frequency , and quasi-static pipe experiment results, the J-R curves 
were calculated directly from the pipe experiment moment-rotation data. For the case of the stainless 
steel base metal, for example, it was found that the single-frequency IPIRG-1 pipe experiment gave a 
much lower Ji value than the Ji values from the seismic pipe system or quasi-static pipe experiments. 
It is believed that the higher Ji value in the seismic pipe system experiment is apparently due to the 
seismic time history that was used. As shown in Figure 9b, the crack experienced some elastic loads, 
a large plastic load on one cycle, then subsequent cyclic loading. The first large plastic loading cycle 
effectively made the stainless steel behave as if it were monotonically loaded, hence there was not 
much cyclic damage. 

It appears that the seismic time history used may have an effect on the cracked pipe behavior. As 
part of an IPIRG-2 round-robin effort, several members developed time-histories from the same 
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response spectrum(lO). Figure 11 shows the results from several participants, where the displacement- 
time histories were all applied to Battelle’s IPIRG pipe loop finite element model to determine the 
moment-time history at the crack location. Note that the time-history used in Figure l l c  not only had 
a higher amplitude than the others, but there is a more gradual build up of the cyclic amplitudes to 
the first large amplitude cycle. Furthermore, the number of large amplitude cycles varies 
considerably in the different time histories. Therefore, we are not sure if the IPIRG-2 seismic time 
history represents a mean seismic behavior or not, but it certainly is not a lower bounding time 
history in terms of pipe fracture behavior. 

Advances In Elbow Fracture Evaluations 

The vast majority of prior piping integrity research dealing with critical flaw assessment 
methodologies has addressed the problem of cracks in straight pipe only. Although not as common as 
cracks in straight pipe, cracks have been found in elbows and other fittings within pipe systems. 
Current straight pipe elastic-plastic fracture mechanics and limit-load solutions have been used to 
analyze flawed fittings. However, their applicability for use on circumferentially and axially cracked 
elbows and other fittings has not been validated thoroughly. In this section, we describe efforts that 
are underway in the IPIRG-2 program, and as such represents a progress report. 

As part of the IPIRG-2 program, the issues of fracture of elbows are being directly addressed through 
the development of engineering estimation methods for predicting crack growth and limit loads of 
surface-cracked elbows, and the validation of these methods with large-scale elbow fracture 
experiments. As an aid to understanding the problem, a database of existing elbow fracture 
experiments is being compiled. Also, comparisons are being made between existing straight pipe 
solutions, elbow limit-load solutions, and elbow fracture experiments, to critically assess the 
suitability of these existing analytical techniques for the prediction of fracture behavior of elbows. 

Pipe Fitting Database Development 

To properly document the existing fracture data for pipe elbows, a database is currently being 
compiled to help document the existing array of pipe test data that can be used to verify analytical 
approaches. To date, we have 33 documented experiments consisting of uncracked elbows and both 
circumferential and axial flaw orientations, in diameters ranging from nominal 6-inch to 16-inch. 
Additional data will be incorporated as they are acquired. 
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Comparison Of Existing Analysis Methods With Experimental Results 

Limit-load solutions for flaws in straight pipe and elbows have been compared to experimental results 
to begin to assess the accuracy of these methods for predicting failure stresses for cracked elbows. 
Data for the case of a circumferential through-wall-cracked elbow are shown to demonstrate the range 
of accuracy for these solutions. Figure 12 shows data for such a crack loaded under in-plane bending 
with no internal pressure. For this case, the limit-load predictions give a fairly accurate prediction of 
the failure stresses for crack lengths larger than 20 percent of the circumference, Le., 8/7r=0.2. 
Figure 13 shows data for a crack subjected to internal pressure with an additional applied moment. 
For this case, where the elbow has a short through-wall crack, the experimental failure stress was 
significantly lower than predicted by the straight pipe analysis. 

J-Estimation Methods for Elbows 

Following the spirit of the GE/EPRI estimation procedure of fracture parameters for circumferentially 
cracked straight pipes(13), estimation procedures were developed in the IPIRG-2 program for 
circumferentially and axially cracked elbows subjected to internal pressure and in-plane bending. The 
newly developed estimation procedures were restricted to 90-degree elbows. In the case of 
circumferentially cracked elbows, the crack was assumed to be an extrados, internal, constant depth 
surface crack with a total crack angle of 180 degrees. For axial cracks, the estimation procedure was 
developed for an internal, constant depth surface crack with a total crack angle of 30 degrees, located 
in the crown region of the elbow. These crack configurations were chosen to closely represent cracks 
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found in service. With these assumed configurations of cracks, "F" and 'Ih functions were 
developed for several R& (mean radius to wall thickness) and several a/t (crack depth to wall 
thickness) ratios, as well as for several Ramberg-Osgood hardness coefficients, 'W'. 

The analyses used a shell/line-spring finite element model, which has been proven to render quite 
accurate estimates of fracture parameters for cracked pipes in comparison with full three-dimensional 
finite element models. The applied internal pressure was obtained from allowable pressure values as 
given in Section III of the ASME Code, and by using an averaged S, value for ferritic steels and 
austenitic stainless steels. Details of the developed estimation scheme will be presented in a future 
NUREG report. 

Pipe Elbow Fracture Experiments 

Four large-scale pipe fracture experiments using long-radius elbow test specimens are being conducted 
to generate data which will be used to provide validation and direction in the development of methods 
to predict critical crack growth and limit loads in pipe elbows. Two dynamic pipe system 
experiments and two companion monotonic experiments are being performed to investigate the 
complex interaction of loading conditions and system dynamics on pipe fracture behavior. The test 
elbows are 16-inch nominal diameter Schedule 100 long-radius elbows containing a circumferentially 
oriented internal surface crack centered on the extrados with a crack size approximately 66 percent 
deep and 50 percent of the elbow circumference in length. The elbows were manufactured from 
A106 Grade B and TP304 seamless straight pipe using typical hot-bending and heat-treatment 
processes. Material properties were also developed using specimens machined from elbows identical 
to the test elbows. All tests are performed at nominal pressurized water reactor conditions (PWR), 
Le., 15.5 MPa (2,250 psi) pressure and 288 C (550 F). 

The dynamic/cyclic experiments were conducted in the IPIRG pipe system. Specific details about the 
geometry, materials, boundary conditions, and finite element analysis of the pipe system can be found 
in other 14). The elbow test specimen was located at the Elbow 4 location, see Figure 1. 

The dynamic pipe system experiments were loaded using a constan-frequency, increasing amplitude, 
displacement controlled sinusoidal waveform. The forcing function frequency used for the dynamic 
experiments, 3.95 Hz, is 90 percent of the first natural frequency of the pipe system. As a result of 
the loading history and PWR test conditions, the cracked section experiences a variety of stress 
components, Le., thermal expansion, pressure induced membrane, and a mixture of displacement- 
controlled (seismic anchor motion) and inertial bending stresses. 

Two companion monotonic experiments were performed to provide baseline data for the dynamic 
elbow experiments. The specimens were loaded using a displacement-controlled, increasing ramp 
waveform at a quasi-static rate of 5.08 mm/minute (0.2 inches/@nute). 

The data generated from these experiments will be used to improve the understanding of subcritical 
and critical crack growth behavior in pipe elbows. As example of the type of data collected from 
these experiments is shown in Figure 14. These data compare the applied moment versus crack- 
mouth-opening-displacement at the flaw centerline for the carbon steel dynamic and quasi-static 
experiments. The initial flaw depth was 80 percent of the pipe wall thickness for the quasi-static 
elbow and 84 percent for the dynamic elbow. However, a substantial difference can be seen in the 
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crack-mouth-opening displacement at surface crack penetration. This could be attributable to the 
difference in material toughness due to dynamic and cyclic loading effects. Direct comparison of 
experimental data can help determine the effects of dynamic loading on the fracture behavior of pipe 
fittings. These data can, in turn, be used to guide the development of improved estimation 
procedures. 

Several different factors concerning pipe system response are summarized next. These include 
understand: 

IIReal" Piping System Response 

the basic behavior of cracked pipe under inertial loading, 
the significance of displacement-controlled stresses on pipe fracture, 
the possibility of an "instantaneous" DEGB, and 
the loading rate to be used for dynamic C(T) specimen testing. 

Behavior of Cracked Pipe Under Inertial Loading 

Prior to the IPIRG programs, little was understood about the dynamic fracture behavior of cracked 
pipe. As part of the IPIRG-1 program, separate-effect inertial pipe fracture experiments were 
conducted and analyzed(15). These experiments were conducted on 6-inch nominal diameter stainless 
steel and A106 Grade B pipes. Through-wall and internal surface cracks were used. Tests had an 
internal pressure of 15.5 MPa (2,250 psi) and were at 288 C (550 F). 
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The results of the TP304 stainless steel surface-cracked pipe experiment are show in Figure 15. The 
moment-time and moment versus rotation of the cracked pipe section are shown in this figure. The 
moment-rotation data shows the surface-crack penetration and the subsequent through-wall crack 
growth. The significance of these test results are: 
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Figure 15 IPIRG1 inertially loaded TP304 surface-cracked pipe results 
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(1) Under inertial loading with dead-weight load and pressure loads, it was found that once 
maximum load was reached, then it only took a few cycles to get a DEGB. Hence, inertial 
loading here was closer to load-controlled conditions. 

(2) The general shape of the moment-rotation curves were similar in both the inertially loaded and 
quasi-static pipe experiments. Hence, modelling of the crack could be done by a nonlinear 
spring that is calibrated by J-estimation scheme moment-rotation predictions. This was the 
basis of the modelling done for designing the IPIRG pipe system, and subsequently used in 
other programs to assess margins in full dynamic LBB analyses versus traditional LBB 
analyses('6). 

Significance of Displacement-Controlled Stresses on Pipe Fracture 

Displacement-controlled stresses, such as thermal expansion stresses and seismic anchor motion 
stresses, are frequently treated separately in fracture analyses than load-controlled (pressure, dead- 
weight, and inertial) stresses. For instance, in the R6 analyses thermal expansion and seismic anchor 
motion stresses are treated as load-controlled stresses; but in the ASME Section XI pipe flaw 
evaluation criteria, thermal expansion stresses are not included for stainless steel pipe and have a 
safety factor of 1.0 for ferritic pipe and stainless steel welds. Seismic anchor motion stresses are not 
specifically mentioned in the ASME Section XI pipe flaw evaluation criteria. 

The reason the ASME pipe flaw evaluation criteria have different safety factors (or exclude P, 
stresses altogether) is that at the time those criteria were made, it was assumed that the materials had 
sufficient toughness that these secondary stresses would be relieved by the crack deformation 
behavior. No pipe experiments existed at that time to validate that engineering judgement. 

The IPIRG-1 pipe system experiments were the first to develop data to validate these engineering 
judgements. As shown in Figure 6, if you neglect the seismic anchor motion and thermal expansion 
stresses, the IPIRG-1 pipe system experiments have failure loads of 40 to 50 percent of the quasi- 
static pipe tests. Hence, these pipe system tests show that thermal expansion and seismic anchor 
motion stresses contributed equally to pipe fracture as did pressure and inertial stresses. The reasons 
why this occurred are; (1) the displacement at a surface crack is very small compared to the overall 
displacement of the pipe system, and (2) these were relatively large cracks where the entire pipe loop 
remained elastic, hence there was no opportunity for the uncracked pipe to yield and relieve the 
thermal expansion and seismic anchor motion stresses. 

Consequently, for the case of surface cracks in pipe systems, the crack blunting behavior will not 
relieve the displacement-controlled stresses, and thermal expansion and seismic anchor motion stresses 
should be included as being equivalent to load-controlled stresses. If the stresses are above yield, 
then the uncracked pipe can reduce the elastically calculated stresses as noted in Reference 17. It 
should also be noted, that for a through-wall crack in the pipe system, there wiII be greater crack 
deformations, and the displacement-controlled stresses may be reduced by crack deformation. Also, 
if a surface crack is in a very short length of pipe, then there may be more relief of the secondary 
stresses by the crack opening, but calculations would have to be done to substantiate how short this 
pipe length needs to be. Reference 18 suggested that this is a very short pipe length. 



Possibility of an “Instantaneous” DEGB 

The assumption of an “instantaneous” double-ended guillotine break (DEGB) was made in early 
nuclear plant designs for the purpose of sizing emergency core cooling requirements. The DEGB 
criterion was subsequently applied to pipe support design, internal core support structures, etc. 

The IPIRG pipe system experiments provided some insight to the duration of a fracture event under 
simulated seismic loading. The pipe system results showed the following: 

(1) Typically, a crack would experience cyclic tearing, hence the decompression would take 
several seconds, not milliseconds. 

(2) A DEGB could probably be produced in a single cycle if there was a deep surface crack more 
than 95-percent of the circumference. This conclusion is drawn from an IPIRG pipe system 
test, where the pipe was loaded until the crack was about 95 percent of the circumference at 
which point a DEGB occurred. The 95-percent crack length was determined to correspond to 
the saturation pressure induced failure load if the induced pipe bending is restrained in the Net- 
Section-Collapse analysis. 

(3) Detailed nonlinear spring (cracked pipe) element analyses are capable of determining the crack 
velocities and time to produce a DEGB. 

Loading Rate to be Used for Dynamic C O  Specimen Testing 

Since the ferritic steels can have fracture toughnesses that can be rate sensitive at LWR temperatures, 
the question of what rate to conduct C(T) testing at must be addressed. From the IPIRG program, the 
fastest time to reach crack initiation is that which would occur during a single large amplitude cycle 
as shown in Figure 10. Since the large amplitude cycles occur at close to the first natural frequency 
of the piping system containing the crack, the time to crack initiation corresponds to approximately 
one-quarter of the period of the first natural frequency. For the IPIRG pipe loop with the first natural 
frequency of 4.4 Hz, this time corresponds to 0.057 seconds. 

CONCLUSIONS 

The IPIRG programs advanced the state-of-the-art understanding of pipe fracture from a materials 
viewpoint, fracture mechanics analyses, and a basic understanding of the behavior of how real pipe 
systems behave. All of these factors will influence how LBB and pipe flaw evaluation will evolve in 
the future. The synergistic interactions of the IPIRG technical advisory group helped lead to these 
developments, and raised the overall understanding of all those ihvolved. 
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1 Summary 

In recent years several research projects have been carried out at MPA Stuttgart to investigate the Leak-before-Break 
(LBB) behaviour of safety relevant pressure bearing components. In this work the test pipes have for the most part 
been made from ferritic material. Current investigations involve piping sections of austenitic materials. The results 
presented below relate to pipes containing circumferential defects subjected to internal pressure and external bending 
loading. As regards the ferritic components an overview of the experimentally determined results is presented. The 
predictive capability of engineering calculational methods are presented by way of example. The investigational pro- 
grammes currently underway are presented together with the testing techniques and the initial results. 

2 Introduction 

The Leak-before-Break (LBB) criterion is frequently called upon in proving the safety margin against catastrophic 
failure in pressure bearing components. For components containing postulated or actual defects it shows the depend- 
ence of the (critical) loading limit on the defect size in the form of so-called LBB curves. These are determined ex- 
perimentally and/or by calculation for the type of defect having the form of a through-wall slit and represent the 
boundary curve between leakage and' "massive fracture", Fig. 1. The respective failure curves for surface defects or 
partial-penetration cracks may also be related to them (family of curves for constant defect depths a/t). For surface 
defects and a given bending moment and internal pressure, by definition no fracture will occur so long as the length at 
leakage remains smaller than the critical defect length given by the LBB curve for through-wall defects. 

3 Results from completed investigational progammes 

MPA Stuttgart has carried out, inter alia, three major research projects in the field of Leak-before-Break of safety- 
relevant pressure bearing components: 

0 Phenomenological Vessel Burst Tests (BV) /1,2/ 
Safeguard Programme for the Proof of Integrity of Components (AIB) /3,4/ 

0 Superheated Steam Reactor Safety Programme (HDR) /5/ 

Some of the most important results for pipes containing circumferential defects are: 
0 The definition of the through-wall slit curve as the boundary between leakage and fracture could be verified ex- 

perimentally, Fig. 2. In no case did a ''massive fracture" occur beneath the LBB curve, that is in the leakage region. 

0 The path of the Leak-before-Break curve for pipes is dependent on the notch impact energy of the pipe material, 
Fig. 3. In pipes of high impact energy material a large critical through-wall slit length is attained. 

0 As regards the load bearing capacity of pipes with circumferential defects, the effect of the internal pressure is 
frequently regarded as negligible as compared with that of the external bending moment. Depending on the pres- 
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sure level however, it has an effect on the onset of plastification in the plane of the defect and thus on the Leak- 
before-Break behaviour. An elevation of the internal pressure leads to a displacement of the LBB curve towards 
smaller critical slit lengths, Fig. 4. 

Several engineering calculational methods are available for the analytital determination of the LBB curve 16-8 
among others/. They differ through the assumptions and boundary conditions introduced into the formulations. 
These must be known for the choice of a suitable method and should as far as possible cover the conditions of the 
case of application in question. The results of the two most common methods 
- the plastic limit load (PLL) concept /8 among others/ 
- the local flow stress (FSC) concept /6,7/ also called the moment method, 

are compared by way of example, with those from experiments in Fig. 5. In the cases of application shown here, the 
plastic limit load concept, in accordance with the wording, describes the component behaviour of the variety of piping 
of tough material very well. Here, the flow stress concept led to a significant undervaluation of the load bearing capa- 
bility; however in the case of piping material of low notch impact energy (KV = 50 J) it produced B good agreement 
between calculation and experiment. As expected, the low toughness component was overvalued by the plastic limit 
load concept, and thus assessed non-conservatively. 
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4 Current research projects 

The majority of the research projects carried out thus far have dealt with pipes and components of ferritic materials. 
Generally, compared with piping of high toughness ferritic materials, the fracture mechanics behaviour of correspond- 
ing austenitic pipes is considered to be equal or superior. World-wide however, up to the present time only a few sys- 



tematic programmes of investigation, in particular for the loading case with internal pressure, have been carried out for 
verification purposes. Further questions arise with regard to 

the effect of toughness gradients which can occur in the region of welded joints in welded components, 
the assessment of crack initiation with respect to the maximum load carrying capacity of austenitic components, 

0 the LBB behaviour with very large circumferential defects ( 2 a 2  180"), particularly as the existing experiments and 
also analytical methods predominantly cover short defects (2a< 120"). 
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In order to obtain answers to these questions two major research projects in this field are being conducted at MPA 
Stuttgart. One with the topic 

,,Contribution to the assurance of safety of piping of high toughness material using fracture mechanics" 

is financed by the Federal Minister for Education, Science, Research and Technology (BMBF), Bonn , and the other 
with the topic 

,,Tests of austenitic components with analytical technology" 

is being conducted under contract from the Association of Large Power Plant Operators (VGB). 

4.1 Test programme 

In total 25 tests using austenitic pipes are planned, Fig. 6. These are manufactured as thin-walled pipes of 219.1 mm 
outer diameter (O.D.) and 14.2 mm wall thickness (t) or thick-walled pipes of 33 1 mm diameter and 32 mm wall thick- 
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ness. The thinner-walled pipes are representative of Boiling Water Reactors and the thicker-walled ones of Pressurised 
Water Reactors. 
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Fig. 5: Comparison between calculational determination and experiment (femtic steel pipes) 

The pipes are furnished with circumferential defects of various lengths up to a circumferential angle of 2a = 270" and 
depths of up to through-wall slits. The defects are located in the base metal or in the case of the thinner-walled compo- 
nents, additionally in the weld metal of site-made circumferential welds. The defects were extended as fatigue cracks 
by cyclic loading. - - 
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Four thin-walled pipes are intended for tensile tests at different strain rates and the remainder for component tests un- 
der combined loading by internal pressure and superimposed external bending. The latter is applied quasi-statically and 
in two cases cyclically in the low cycle fatigue (LCF) range. 

The tests with the thin-walled pipes make it possible to cover the whole range of the Leak-before-Break curve.experi- 
mentally up to a defect length corresponding to 2a = 180°, Fig. 7. Parallel to this the failure curve is being established 
selectively for surface defects having depths of 0.5 and 0.7 x wall thickness (d t  = 0,5 or 0,7) with the defect located on 
the inner wall surface, for defects of length up to that corresponding to 2a = 270 '. 
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Parallel to the component tests, an exhaustive mechanical, and especially fracture mechanics, characterisation of the 
material is being carried out from the particular aspect of austenitic conditions. This serves as a basis for extensive 
analytical and numerical studies from which the transferability laws from small specimen to component can be checked 
and further developed to provide an advanced proof of integrity. 

4.2 Testing equipment and test setup 

For the performance of the pipe bend tests two similar bending devices which differed in their maximum bending mo- 
ments of 200 kNm and 2 MNm respectively, were constructed, Fig. 8. The loading, which is virtually free of axial and 
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transverse forces, is generated by two double-acting hydraulic cylinders through two lever arms. The cylinders are 
connected to a servohydraulic unit which makes possible the application of the partial unloading procedure 
(compliance method) for the determination of stable crack growth during the test. As in the fracture mechanics test on 
small specimens the loading in the pipes is CMOD (crack mouth opening displacement) controlled. The relationship 
between pipe stiffness and defect-/crack size, on which the compliance technique rests, was determined in advance 
using finite element calculations. 
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The instrumentation of a pipe with a 180" through-wall circumferential defect mounted in the 2 MNm-bending device 
is shown in Fig. 9 following the test. For the internal pressure loading the defect was sealed on the pipe interior by a 
special technique before welding the pipe to the two specimen heads. The instrumentation of the pipes is carried out 
essentially each time for the determination of 

0 bending moment from the cylinder forces and also from pipe deformations in cross-sections remote from the influ- 
ence of the defect 

0 bending deflection over the pipe length from the radial displacements and also from angular changes 
0 ovalisation in various cross-sections 
0 spread of plastic deformation in the pipe 
0 crack initiation and crack growth 
0 crack opening area. 



5 Test results 

From the example of the testid pipes having 120" or 180" circumferential through-wall defects it may be noted that the 
maximum bending moment was only attained after a large opening of the cracwdefect. This holds both for pipes with 
defects in the base metal or in the weld metal, Fig. 10. The offset in the CMOD which can be observed is in reaction to 
the internal pressure loading which took place at the commencement of the test in the absence of external bending 
moment. 

Fig. 11 shows the pipe with a 180 O through-wall defect after the test. At maximum loading the pipe had yielded 
throughout in the region of the defect plane, as was also the case for the other pipes featured, whilst in cross-sections 
remote from the defect only elastic loading had occurred. The pipes kinked in the defect plane to a greater or lesser 
degree. Before the onset of crack initiation well developed blunting of the crack could be observed in all cases, Fig. 
12. The fatigue crack was practically pulled into a U-shape and then tore with a wedge-like configuration. 
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Fig. 11: Stainless steel pipe after test Fig. 1 2  Crack tip opening of a stainless steel pipe 

A preliminary comparison between the Leak-before-Break curve determined analytically using the plastic limit load 
concept from /8/ and the experiments is shown in Fig. 13. The maximum bending moments of the pipes with the defect 
sited in the base metal lie on the calculated curve (through-wall defect 2a = 180") or about 15% below it (through-wall 



defect 2a = 160° or 60"). In the expressions used for the calculations the flow stress on = (Rpo.2 + R, )/2 was used as 
the material-specific failure criterion whilst in the case of the pipe with a circumferential joint the material properties 
of the weld metal formed the basis. 

With the results obtained from the two current projects and an extensive literature search, inter alia, information should 
be obtained as to which of the material-specific failure criteria in the plastic limit load concept 

on= (Rpo.2 + Rm) 12 

or (Rpo.2 + R, ) /2,4 

better covers the experimental results, and whether the circumferential joint defect may be better described by the 
material properties of the weld metal or those of the base metal. 
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Fig. 13: Comparison between calculational determination and experiment (stainless steel pipes) 

A further main focus will rest, inter alia, on the moment for crack initiation measured experimentally and that deter- 
mined by analytical and numerical calculation, in which in comparison to ferritic material, data having a different ba- 
sis, specific to austenitic material, has to be taken into consideration (see e.g. /9/). The basic prerequisites for a satis- 
factory conclusion are: 

determination of reliable fracture mechanics material data 
0 application of advanced, redundant measurement techniques to minimise the uncertainties in the experimental de- 

termination of crack initiation 
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verification of the transferability of mechanical technology and fracture mechanics material characteristics to the 
component. 

6 Acknowledgment 

Sponsorship of the projects was provided by the Federal Minister for Education, Science, Research and Technology 
(BMBF), Bonn, but also by the Technische Vereinigung der Groflkraftwerksbetreiber e.V. (VGB.) - Kraftwerks technik 
GmbH, Essen. The Gesellschaft fur Anlagen- und Reaktorsicherheit (GRS) mbH, Cologne, were responsible for the 
administration of the research work. Thanks are due at this juncture to all participants for their support of the research 
projects 

7 

nl 

I21 

I31 

I41 

I51 

I61 

fll 

181 

I91 

References 

Sturm, D. and W. Stoppler: Research Project 1500- 279, Phenomenological Vessel Burst Tests, Phase I. Final 
Report, MPA Stuttgart, July 1985 ( in German) 

Sturm, D. and W. Stoppler: Research Project 1500 279, Phenomenological Vessel Burst Tests, Phase II. Tests on 
the load-bearing- and fracture behaviour of pipes with circumferential defects. Research Report. MPA Stuttgart, 
December 1987 (in German) 

Julisch, P. and M. Schick Assurance programme for the proof of integrity of components, Single Project 
"Component Tests'' Report 940 500 300. MPA Stuttgart, February 1989. (in German) 

Julisch, P., D. Sturm and J. Wiedemann: Exclusion of rupture for welded piping of power stations by component 
tests and failure approaches. To be published in Nuclear Engineering and Design, North-Holland Amsterdam. 

Katzenmeier, G., H.-U. Hahn and T. Cron: Investigations on reactor safety at HDR Karlstein. Final Report HDR 
Safety Programme, Phase III Technical Report No. 115194. Publ. Kernforschungszentrum Karlsruhe GmbH 
March 1994 (in German) 

Julisch, P., W. Stoppler and D. Sturm: Exclusion of rupture for safety relevant piping systems by component tests 
and a simple calculation. 8th. SMIRT Conference, Brussels, Belgium, Vol.G, paper G 318, Aug. 1985. 

Circumferential cracks in cylinders under tensile and/or bending loading - Comparison of calculational methods 
for failure stresses. Tech. Report R2141841347, Kraftwerk Union, Erlangen, 1984. (in German) 

Kanninen, M. E et al..: Instability predictions for circumferentially cracked type-304 stainless steel pipes under 
dynamic loading, EPRI NP-2347, Vol. 1 and 2, USA, April 1982. 

KuBmaul, K. , H. K. D Diem, D. Blind, U. Eisele and W. Stadtmuller: Influence of material characteristics on 
crack initiation assessment of austenitic piping. SMIRT 13 Conference, Port0 Alegre, Brazil, August 1995. 





Specialist meeting on LEAK BEFORE BREAK in Reactor Piping and Vessels 
LBB95 

Lyon, France, 9 - 11 October 1995 

German Experimental Programs and Results 

BartholomB, G., B a i t ,  E., Wellein, R., Siemens KWU 
and Stadtmiiller, W., Sturm, D., MPA Stuttgart 

Germany 

1 Introduction 

Reactor pressure vessels and piping of the primary circuit form part of the safety research related components in nu- 
clear power plant. The integrity of these components in the presence of defects of limited size has to be guaranteed 
under both operational and accident loading conditions. 

In the period from 1973 to today, on the one hand, within the framework of reactor safety research, the Federal Minis- 
ter for Education, Science, Research and Technology, Bonn, sponsored a series of research projects which, as seen in 
Fig. 1, are logically linked to each other /1 - 7/. On the other hand the utilities, manufacturers and vendors of nuclear 
power plants performed series of tests with pipes and components to solve their specific problems. Having regard to 
the results of the supporting projects the experimental verification of Leak-before-Break behavior was to be demon- 
strated, the postulation of fracture preclusion for piping (straight pipe, bends and branches) confirmed and thereby the 
safety margin against massive failure also quantified. Fig 2 gives a general overview of the types of defects and load- 
ings also the most important objectives. 

As the following results reveal, they can be called upon for the safety assessment of ferritic and austenitic piping, in the 
primary and secondary circuits of nuclear power plant. Moreover, because of the great spread of the test parameters, 
they are also important for the design and assessment of piping in other technical plant. 

On the strength of the test results it appears to be justified to rule out catastrophic fractures (2F-fractures) even on 
pipes of dimensions corresponding to those of a main coolant pipe of a pressurized water reactor plant on the basis of a 
mechanical deterministic safety analysis in correspondence with the Basis Safety Concept (Principle of Fracture Ex- 
clusion) /8/ 

2 General 
2.1 Material and test pieces 

For reasons of transferability of the results to actual components, mostly the Basis Safety material 20 MnMoNi 5 5 
employed for piping and pressure vessels in LWR nuclear power plant was used. To cover specific problems also other 
ferritic materials on the basis of MnNi, MnMoV or austenitic steels as e.g. or X lOCrNiTi 18 9 were used. In the qual- 
ity employed, these materials have a notch impact energy upper shelf value between 100 J and 200 J and thus lies 
above the minimum value of 100 J required in the RSK Guidelines /9/. 

For the investigation of the effect of conditions which overstep the limiting values, especially with respect to a lower 
notch impact energy upper shelf value, special casts were used as further materials for the manufacture of the test 
pieces. For the simulation of the end-of-life (EOL) condition an upper shelf energy value of E 50 J could be arrived. 

The test pieces were straight pipes. They were closed by heads at each end. The dimensions of the test pieces lie in the 
range of those applicable to primary circuit components of pressurized water reactors. In preliminary tests other di- 
mensions and materials were employed additionally so that the range shown in Fig. 3 could be investigated. 
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Fig. 1: Piping research in the Federal Republic of Germany - experimental and analytical programs 

2.2 Test conditions 

As regard pressure and temperature the test conditions were orientated towards the operating conditions of a pressur- 
ized resp. boiling water reactor: internal pressure between 9 MPa and 17 MPa at temperatures from ambient tempera- 
ture to 300 "C. Both water and air were chosen as pressurizing media. The failure of pipes with longitudinal resp. cir- 
cumferential defects, was effected by raising the internal pressure, or when using an additional external bending mo- 
ment, the bending moment was increased until failure occurred. In case of an alternating external bending moment was 
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used, the amplitude of which was chosen to correspond to the object of the test, a constant internal pressure of up to 15 
MPa was superimposed on the pipe. 

2.3 Introduction of defects 

The longitudinal and circumferential defects were introduced mechanically using a milling device or by spark erosion. 
A number of the defects in the pipes were additionally fatigued. 

3 Summary of experimental results 

3.1 

3.1.1 

The Leak-before-Break curve which divides the leakage from the massive fracture is, assuming equal pipe dimensions, 
for corresponding stress values, essentially dependent on the toughness of the pipe material. 

Strength and Leak-before-Break (LBB) behavior 

Pipes with longitudinal defects under internal pressure loading 

SWgM PIP. I -- oMlrrwcR* 

I -r 

1 ,o 1 I L k - b e l o r d a k  curves for 
hlgh uppershetfenargy levels 

0 1  I - I  I 1 I J 
0 02 0.4 0.6 0.8 1 .o 

7hmugb wall crack raUo (A) " 

Fig. 2: Objectives of the research programmes Fig. 3: Leak-before-Break curves for pipes of 
ferritic and austenitic materials 

Fig. 3 illustrates that not only pipes of ferritic steels but also ones of austenitic steels may accommodated in this form 
of representation. In order to take account of the different material strengths, in this representation the circumferential 
stress at fracture on was normalized with respect to the mean flow stress of. The path of the Leak-before-Break curve 
appears to be independent of whether crack initiation occurs quasi-statically or dynamically. 

If a pipe exhibits longitudinal through-wall defects which are shorter than the critical slit lengths derived from the 
Leak-before-Break curve then in the event of failure a leak or a limited fracture always develops. /10 - 15/ 

3.1.2 Pipes with circumferential defects under internal pressure and external bending moment loading 

For the performance of the bending tests a 4 point bending rig was used. By changing the pressurizing medium (air 
instead of liquid) in the actuating cylinder of the rig the stiffness of the system could be varied over a wide range. In 
these pipe bend tests the stiffness of the bending rig exerted more influence on the fracture development than the com- 
pressibility of the pressurizing medium in the test pipe. If the stiffness of the bending rig is very large (hard system) 
then it is possible that after crack initiation, because of the rapidly changing deflection behavior of the test pipe the 
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bending moment can no longer be maintained. In this case an arrest of the initiated crack in the test pipe has to be 
reckoned with, i.e. this system favors the development of leakages. 

On the contrary for a test rig having less stiffness, in the extreme case for having as infinitely soft system (e.g. creation 
of moments by dead weight loading) theoretically the bending moment on the test pipe is always present and indeed is 
independent of the magnitude of its deflection. A crack once initiated under these idealized conditions can more likely 
lead to a massive fracture, i.e. this system favors the development of a massive fracture. 

If pipes with part-circumferential notches or defects are loaded by an external bending moment in addition to internal 
pressure then failure curves for different notch depth/wall thickness a h  ratios result. From this it holds that the deeper 
the notch for a given notch length or notch circumferential angle the smaller becomes the tolerable additional bending 
moment for a constant internal pressure. 

As already established for pipes with longitudinal defects, a strong dependence of the failure curve on the toughness of 
the pipe material was also found for the pipes with circumferential defects, Fig. 4. Assuming a low toughness material 
condition (KV = 50 J) and normal operational internal pressure loaditg superimposed by a 5 MNm bending moment, 
then for the dimensions of the main coolant piping a safety margin of about x4 with respect to the critical slit length 
results if the maximum permissible defect sizes from the acceptance test, the repeated non-destructive testing and the 
leakage monitoring system (LMS) are taken as a basis. For toughness of KV > 100 J this safety margin rises to x8. 

Fig. 4: Leak-before-Break curves for pipes with 
circumferential defects and different 
upper shelf notch impact energies 

Fig. 5: Leak-before-Break curve for pipes of 
ferritic and austenitic materials 

Fig. 5 illustrates again that not only pipes of ferritic steels but also ones of austenitic steels may accommodated in this 
form of representation. In order to take account of the different material strengths, in this representation the nominal 
bending stress at fracture was normalized with respect to the ultimate tensile strength. /16, 17/ 

3.1.2.1 Fracture opening behavior 

The time-dependent development of fracture opening area for longitudinal and circumferential defects was investi- 
gated. From this the time required for the formation of a fracture opening of 0.1 F is between 2,5 and 5.4 ms for longi- 
tudinal defects and between 29 and 36 ms for circumferential ones. 



3.1.3 

The investigations served to provide further experimental confirmation of the fracture preclusion postulate for piping 
with (partial-) circumferential defects, especially under internal pressure loading and simultaneous loading by a cyclic 
external bending moment. The tests were conducted with the aim of providing data on the crack initiation, cyclic crack 
growth, the deformation and cyclic strain behavior and also the Leak-before-Break behavior. 

For these tests a modified version of the bending rig was employed. 

In Fig. 6 are plotted both the number of cycles to crack formation (NJ determined of smooth test bars as a function of 
the total strain amplitude in the form of a scatter band /18/ and also the number of cycles to through-cracking (NB) 
determined in pipe bending fatigue tests as curves dependent on the particular defect size. 

Pipes with circumferential defects under internal pressure and cyclic external bending moment loading 

4.01 -6.01 325 I 84 

4.01 -3.01 1.45 I 606 
20 MnMcN 5 5 BVSMatanal: MMV-SpedalMelt  

Fig. 6: Tabular and graphical representation of the number of cycles to through cracking as a function of the total 
strain amplitude 
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The number of cycles to through-cracking determined on pipes with circumferential defects lie, depending on defect 
depth and length, at a greater or lesser distance below the scatterband determined on smooth test bars, in which the test 
bars from the investigated pipe materials fit well. 

The number of cycles to through-wall cracking of the pipes with circumferential defects having a starting defect depth 
of 10% of the wall thickness (defect depth/wall thickness = 0,l) and a circumferential angle of 42 degrees, lie about a 
half decade below the scatter band for smooth test bars. 

For pipes with deeper starting defects (defect depth/wall thickness = 03, defect circumferential angle of 42 degrees) 
the cycles to through-wall cracking lie up to 2,s decades lower than the scatter band for the onset of cracking in smooth 
test bars. 

For deeper defects (defect depth/wall thickness = 0,5) with circumferential angle of z 120 degrees only a small differ- 
ence in the tolerable load cycles was found compared with shorter defects (= 40 degrees) 

Pipes tested in the region of their natural frequency (4 Hz) lead to the same results as those having comparable defect 
dimensions when tested at a lower frequency (0,008 Hz). 

No effect of pipe geometry (internal diameter of 10 mm to 706 mm) on the number of cycles to through-cracking could 
be found over the range investigated. 

It can be concluded from the investigations that pipes of ferritic materials with crack-like circumferential defects can 
bear additional high external bending moments in the presence of simultaneously acting internal pressure even if the 
dimensions of the defects lie considerably above the defect size permitted in the non-destructive acceptance testing. 

Furthermore it can be established that pipes with such circumferential defects can still tolerate a considerable number 
of bending cycles before through cracking of the ligament below the defect occurs. A prerequisite though in this regard 
is that the defect lengths are shorter than their associated through-wall critical lengths. 

3.2 Analytical and numerical analyses 

The Leak-before-Break (LBB) concept is an essential part of the Brealc Preclusion Concept /8,19,20,21/. 

3.2.1 LBB Concept 

The critical crack size for ductile material is determined using fracture mechanics. The growth of stable cracks is only 
conceivable due to cyclic loading (corrosion has to be precluded). The cyclic crack growth beyond design can lead to 
two situations, Fig. 7 

First situation: Crack growth smaller than critical through wall crack length (Leak-before-Break). 

Second situation: Crack growth up to a crack length which is greater than the critical through-wall crack length (Break- 
before-Leak). 

If LBB behaviour can be shown, break preclusion is proven with the necessary redundancies; if not, break preclusion 
can only be obtained by applying equivalent safety measures (e.g. Inservice Inspection, Load Monitoring, Fatigue 
Monitoring, Continuous Inspection). 

3.2.2 Methods applied 

LBB is demonstrated by means of fracture mechanics methodology, applying adequate criteria, Fig. 8. Siemens per- 
formed numerous analyses to preclude breaks based on simplified elasto-plastic fracture mechanics (Flow Stress Con- 
cept = FSC, Plastic Limit Load = PLL) for circumferential cracks, Fig. 9. The acceptability and applicability of these 



concepts was discussed with and accepted by the authorities in Germany 120 - 22/. Analogous approaches are used for 
longitudinal cracks 1231. These approaches are also compared to the more sophisticated approach using J-Integrall27l. 

Pt.6 

PTA 

6 : 
i 

Crack Length 2c 

Fig. 7: Procedure of Leak-before-Break (schematic) 

global criteria - Ictal  criteria - 

Fig. 8: Break Preclusion: Fracture Mechanics 
Methodology 

Fig. 9: Models for ductile failure (only bending moment) Fig. 10: Circumferential through-wall cracks: How Stress 
Concept (FSC) using experiments with KV> 455 and 
(WM=BM) 



3.2.3 Experimental verification of the methods used for LBB 

3.2.3.1 Simplified methods (FSC, PLL) 

The calculation concepts used by Siemens are validated by numerous tests. As an example typical results for the con- 
servatism of the simplified elasto-plastic fracture mechanics approaches are shown for circumferential through-wall 
cracks using FSC and PLL /22,24,26/,J!ig. 10 and 11. The comparison of the theoretical prediction to the experimen- 
tal results for longitudinal through-wall cracks /23/ using BMI and RUIZ shows the conservatism of the used ap- 
proaches, Fig. 12 and 13. 

3.2.3.2 J-Integral 

The application of the J-Integral approach /27/ to the tests available at this time (Battelle, MPA, SiemensAnteratom) 
shows that, using Ji as the relevant material property, all tests can be predicted conservatively, see Fig. 14. The amount 
of conservatism using FSC and PLL for the same tests also can be seen. 

4 Application of the Break Preclusion Concept 

4.1 Break Preclusion.Concept 

In Germany the Break Preclusion Concept, often called Leak-before-Break, being applied since 1979 is based on the 
Basis Safety Concept /19,25/. The Break Preclusion Concept for the main coolant line according to German practice is 
detailed in a logic chart (Fig. 15) for the different steps , Inservice Redundancies, Leak-before-Break (LBB), Break 
Preclusion (BP) and the Break Postulates, derived from the BP. 

The two main prerequisites for the general procedure of BP /8/ are Basis Safety and Independent Redundancies. 

The safety of the primary piping against break was proven by research programs performed at MPA, Siemens/KWU 
and Siemenshteratom. These programs (Fig. 1) included tests on representative pipings under relevant loading condi- 
tions. 

Fig. 11: Circumferential through-wall cracks: Plastic Limit Fig. 1 2  Longitudinal cracks: All through-wall cracks 
Load (PLL) using experiments with KV> 455 and 
(WM=BM) 

calculated (KV> 45J) with BMI add. correction 



4.2 

Siemens performed various analyses to preclude breaks based on simplified elasto-plastic fracture mechanics FSC /20/, 
PLL /22/. The results of the analysis of a typical PWR main coolant line to the Konvoi plant /20/ are given in Fig. 16. 
With these safety margins, resulting from Basis Safety (piping technology, operational loads and stresses, crack growth 
and crack stability) and from independent redundancies (field experience - no breaks, and leaks occurred, Break Pre- 
clusion was obtained for all plants, - leak detection requirements, transient monitoring and inservice inspection - the 
German Reactor Safety Commission (RSK) agreed on the application of preclusion of breaks. Restrictions were in the 
RSK and dealt essentially with corrosion and vibrations. These restrictions, if applicable, can be solved by recommen- 
dations for representative ISI-testing of relevant locations. In general the amount of IS1 was reduced when following 
the requirements to succeed in Break Preclusion. 

Application of the Break Preclusion Concept to the main coolant piping 

Fig. 13: Longitudinal cracks: All through-wall cracks 
calculated (KV> 459 with RUIZ add. correction 

Fig. 14: Comparison of theoretical predictions Ji, FSC, 
PLL, with BMI-, MPA- and SiemendInteratom-tests for 
base material I 

4.3 Break postulates 

Applying the above criteria the RSK modified the RSK-Guidelines, the main content of which is given in Fig. 17. 
postulated leaks and breaks for primary and corresponding effects. 

5 Summary 

Extensive experimental and theoretical investigations on the fracture behaviour of pipes gave important results in the 
following areas: 

Experimental determination of the Leak-before-Break behavior under quasi-static and cyclic loading. 
Experimental determination of effect of toughness on the strength, Leak-before-Break and cyclic crack growth 
behavior. 

0 Experimental determination of the fatigue behavior of pipes under quasi-static internal pressure and cyclic external 
bending moment loading. 

0 Ascertaining the legitimacy of the transferability of data obtained from small specimens to components. 
0 Contribution to proving the performance capability of analytical and numerical calculational method 
0 Proof of the conservatism of the analytical fracture mechanics methods used in Germany for the evaluation of LBB 

of nuclear piping in respect to 

I 
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- circumferential through-wall cracks, using flow stress criterion (FSC) and plastic limit load (PLL) and 
- longitudinal through-wall cracks using (BMI) and (RUIZ) formulae 
together with the adapted flow-stresses. 

0 Proof of the conservatism of the more sophisticated fracture mechanics method (J-Integral with Ji) 

German Practice 
(Basic Safety + 
Redundancies) 
_______ ~~ 

Basic Safety 

Inservice 
Redundancies 

LBB 

Break Preclusion 

Break Postulates 

Break Preclusion 
Logic Chart 

Material Selection 
Manufacturing 

Quality Control 
Quality Assurance 

Propagation and 

Transient Monitoring 
and Documentation, 

Through-Wall Crack - - - I Stability t ?  
Leak Detection Load 

Cases Margin and 
Reinforced IS1 , 

- - - - - - - - - - A  

RCL-Component-Design 

and safety demonstration 

t 
Postulated Breaks and Effects on 

ECC-System 
Containment and RPV intemals 

Fig. 15: Break Preclusion Concept according to German practice 
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Fig. 16: Typical analysis of main coolant line of Konvoi (Di x t = 760 x 52 mm) circumferential crack (Flow Stress 
Concept, ferritic) and safety margin 
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Fig. 17: Postulated leaks and breaks for piping systems 
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EXAMPLES OF REFERENCE MATERIAL DATA NEEDED FOR LBB ANALYSIS 
DERIVED FROM WGCS-EC-DGXI STUDIES 

P. PETREQUIN, CEA, B. HOUSSIN, Framatome, France 
J. GUINOVART, EC-DGXI, Belgium 

ABSTRACT 

Mechanical data collected through the sponsorship of the Activity Group 3 <Materials>> of the Working 
Group Codes and Standards of DG XI European Commission are pointed out to illustrate their potential use for 
Leak Before Break analyses. Most of the tensile, fatigue, creep and fracture toughness data have been generated for 
stainless steels, mainly on modXed type 316 L (N), selected for the Super Phenix LMFBR. 

Trends for ongoing programmes and future works on C-Mn and M i M o  low alloy steels are 
provided. 



EXAMPLES OF REFERENCE MATERIAL DATA NEEDED FOR LBB ANALYSIS 
DERIVED FROM WGCS - EC - DG X I  STUDIES 

P. PETREQUIN, CEA, B. HOUSSIN, Framatome, France 
J. GUINOVART, EC - DG X I ,  Belgium 

INTRODUCTION 

Leak Before Break analyses require material data that must be validated for the various cases that are taken into 
account (material grade, temperature, strain rate, ...). 
The AG 3 "materials" of the Working Group on Codes and Standards of the DG X I  European Commission has 
sponsored different programmes to gather the mechanical properties of Fast Breeder Reactor materials (essentially on 
stainless steels) and is continuing its efforts on Light Water Reactor materials such as C-Mn and MnNiMo low alloy 
steels. 

The paper presents some examples of results and technical benefits obtained in order to generate accurate design 
values for codification and the interest in the development of more restrictive specifications. 

The illustrations are focussed on mechanical properties that are needed to evaluate the applicability of the Leak Before 
Break concept and to perform the mechanical analysis : tensile, fatigue, creep and 3acture toughness. The stainless 
steels are considered first, fo~owed by some results on C-Mn and low alloy steels. 

MECHANICAL PROPERTIES OF TYPE 316L (N) STAINLESS STEEL 

Tensile Properties 

The tensile properties of type AIS1 316L (N) steel for Lh4FBR were derived from experimental data determined on 
plates and from product forms like forgings or tubes. 

The fmt phase of the study contract consisted in the collection and compilation of more than 2700 tensile test data 
concerning the yield strength, the ultimate tensile strength, uniform elongation, rupture elongation, and reduction of 
area available in the temperature range 20 to 800°C on type 316L (N) stainless steels. 

The test materials selected were all in the as-received, solution-annealed condition. Solutior. heat treatment consisted 
of holding at a temperature between 1050°C and 1150°C followed by water cooling. The data bases of the participating 
organizations were tabulated and also stored on discs to enable a computer-assisted evaluation. The data of each tensile 
property have been statistically analysed by means of the method of least squares and a cubic equation of the form : 

Mechanical property = A + BT + CT2 + DT3 

where T is the test temperature and A, B, C, D are constants. Furthermore, lower 95 % confidence limits have been 
derived on the basis of the cubic equation employing two different methods. 
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The major conclusions and recommendations of the study were as follows : 

In relation to the yield strength there are no reason to change the specified average and minimum values given in the 
RCC-MR. A slight improvement would be to reduce the rninimum curve in a manner that, starting from the RT value 
of 220 MPa and turning the temperature curve downwards, the 550°C minimum value is lowered by 3 MPa to 110 
MPa in order to correspond with the acceptance test requirement and thus to harmonize with the specification. This 
change might be the object of a later revision of the RCC-MR Code. 

These data can be used as reference values of high statistical quality level for the normalisation of stress-strain curves. 

The analysis of the UTS data has shown that the specified values according to RCC-h4R do not satisfactorily describe 
the material behaviour at elevated temperatures. It was therefore recommended to replace the RCC-MR values for UTS 
by the results of the actual evaluation. 

An other interesting feature was exhibited by the analysis of the results by specification type (mG. 2). While there was 
little difference in the average yield strengths, almost for three of them, the so called new specification had lower 
confidence limit values significantly higher than the other steels. This was attributed to the smallest spread in data 
brought about by the narrow specification in manufacturing required by the new specification. 

I I I I 

NEW SPECIFICAllON 

0 200 400 600  800 
TEhlPERATURE yc) 

N E W  SPEClRCATlON 

0 200  400 600 8 0 0  

TEMPERATURE ('C) 

FIG. 2 : Variation of average and minimum yield strength as a function of temperature of 316L stainless steels of 
different types of European specification [2] - 

Generally, the fracture mechanics analyses for LBB applications require the knowledge of the stress-strain relationship 
of the different materials involved in the piping section. 

As an example, results [3] of monotonic and cyclic behaviour obtained at 550°C on five heats of modified 316L (N) 
stainless steels are given in FIG. 3. 
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FIG. 3 : Monotonic and cyclic stress-strain curve of 316L (N) stainless steel at 550°C [3] 

TearinF Resistance 

The resistance against stable crack growth of the material is a parameter that is absolutely necessary to know to 
conduct a LBB analysis. 

It is generally expressed by the J initiation value (Jo.2) and a J-Aa resistance curve as shows for example in FIG. 4 for 
a thermally aged 316L (N) tested at room temperature [4]. 

0 I 2 3 4 5 * 6 

DELTA-A CMMI 

HG. 4 : Regression curve with offset power law fit for J(C0RR) versus Aa [4] 
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In most cases the analyses need to know the J resistance Curve over large crack extensions. That is done by using CT 
specimens of large dimensions having an important ligament to characterize the decrease in the slope cWda of the J 
resistance Curve at 

0.0 1 I I I 

FIG. 5 : JM-R curve comparison of CI' 50 and CT 100 specimen type [4] 

0.0 i.0 4.0 a 0  a 0  10.0 12.0 M.0  160 
Delta-0 phy mm 

0 

Fatime and creen crack prowl3 rate 

The LBB evaluation procedures need the review of direct pipe failure dechanism over the entire life of the plant also 
of fatigue and creep damage. 

In Figure 6 are presented data on creep fatigue crack growth behaviour of 316L (N) that have been deveIoped through 
a E.C. study [5]. Creep crack growth rate data on 316L (N) stainless steel have been collected and analyzed [6]. 

c1 

Q 

Y 

31 6L(N) - Krupp Cast 
600 O C  

AK WPaJm] 
FIG. 6 : Crack growth rates versus AK with different holding times [51. 



The result of the study was that the correlation of creep crack growth dddt versus the non linear energy rate line 
integral C*, calculated from the experimentally determined load point displacement rate, has a lower scatter pig.  7) 
than other parameters such as K and Onek For practical purposes a reliable upper bound correlation between dddt and 
C* can be defined [6]. 

2 

MECHANICAL PROPERTIES OF C-Mn AND MnNiMo LOW ALLOY STEELS 

Tensile Pronertiq 

The data collection was restricted to fully killed steel made preferably (but not solely) since 1975 with chemical 
compositions lying within the range given by the AFNOR standards for the A42 and A48 grades [7]. 

The products were generally in the normalized heat treatment condition. The tensile data are predominantly at ambient 
temperature (2447 out of 2724). 

The 0.2 % yield strength and UTS are shown plotted against test temperature in fig. 8 and 9 respectively.The 0.2 yield 
strength values for the total data bank have a spread of approximately z.k 30 % of the mean value that falls off 
approximately linearly with test temperature. 
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FIG. 10 : Influence of the product thickness on tensile stresses of C-Mn steels. 

TearinP resistance 

Tearing resistance data have been collected through a E.C. study contract [8]. The moderate influence of specimen 
dimensions on the J-Aa resistance curve at 100°C in transverse direction of a A48 C-Mn steel of 0.032 (weight %) in 
sulphur content is illustrated in FIG. 1 1. 
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FIG.11 : J-Aa resistance curve at 100°C for A48 steel in TL orientation with specimen sizes varying from CT 12.5 to 
CT 50 [8]. 
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Beyond the present scope of mechanical data needed foi LBB, the E.C. has initiated study contracts on MnNiMo low 
alloy steel, for light Water Reactors. The fust [9] was focussed on the reevaluation of the K I ~  reference curve (F7IG.12) 
used in fracture mechanics analysis to evaluate the resistance against fast fracture of the vessel. The AG3 "materials" 
has selected for its 1995 plan the work to be continued by a "Compendium of pressure vessel steel and weldment data 
required for structural analysis". That study will include data needed for LBB analysis (J-R curve ....) 
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HG. 12 : Comparison of K I ~  data of recent European MnNiMo steels to the K I ~  reference curve [9]. 

CONCLUSION 

The various examples given in the present paper highlight that data of high valuable statistical significance for 
codification and definition of mechanical properties needed for LBB analysis have been generated by WGCS - DG XI 
Study Contracts of the E.C. Up to now, most of work were performed on the 316L (N) modified stainless steel for 
LMFBR application but recent activities are oriented for developing similar activities on C-Mn steels and low alloy 
steels for LWR. 
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THE ANALYSIS OF NORHATIVE REQUIREFEHTS TO HATERIALS OF PWR 
COMPONENTS, BASING ON LBB CONCEPTS 

V. V. AniKovsKY, G. P. Karzov, B. T. Timofeev 
CRISM "Prometey", St. Petersburg, Russia 

ABSTRACT 

The Paper d-iscusses the advisabllitv of the correction of Horms t o  
solve in terms of material science the Problem: how the normative 
requirements to materials must be changed in terms of the concept 
" l e a  before breaK** (LBB). 

IHTRODUCTIOE 
The situation of le& appearance is considered in Section 5.87 of 
Horms (PHAE 6-7-002-86) while selecting calculation defect sizes 
(the depth of "an defect is stated t o  be-esual t o  1/4S thiclmess 
of the wall thicmess S, and the safety margin on defect thicmess 
n, = 41, i.e. Practically the defect, leading t o  l e a  mder 
operation conditions, is allowable and the Possibility of brittle 
fracture is out of the mestion. However, such approach does not 
Permit t o  analyse the correlations of le& appearance conditions 
and t o  solve the Problem of the optimization of properties in 
terms of LBB. It is Known, that the conditions of fracture and 
le& appearance a r e  determined by: 
- material state (its characteristics by considering the factor of 
material degradation during operation); 
- stress-strain state; - defect sizes and growth and structure component geometry. 
Fracture mechanics Permits to establish material relation t o  
fracture stresses and defect length. In this case various 
theoretical models can be used: &-model, two-criteria approaches, 
the critical SIF,  integral, J - R curves and T*-criteria, 
*dependences of PV stability loss  (local and total). The field of 
the application of the stated aPPr0aChe.S of ultimate state 
eoaluation depends on structure element thiclrness and the tYpe of 
aPPTied material. Thus, Pipings, made from austenitic materials, 
are - characterized by a tough mechanism . of fracture; for 

I 
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thicK-walled Pv, made from pearlitic steels, a brittle fracture 

1515) allow their operation in a brittle state, and the 
controlling calculation is based on the use of LFIM Parameters. 
The ultimate state of brittle, tough fractures and l e a  are 
described by the ultimate curves, Permitting t o  analyse structure 
states (Norms for boilers). 

mechanism is possible. Norms (PNAE 6-7-002-86; ASEE; KTA; BS 

MAIN RESULTS 

The conditions of fracture and le& are determined by using the 
two criteria approach R6. The real safety margins and LBB 
realization conditions are determined by the fact, how far the 
calculated Point, determining the real state of the given unit on 
load, CracK shape and size is located, at the given moment of 
operation, from the ultimate cwve, describing the unit material 
state, by the consideration the degradation of the material 
properties. .BY this, there variants are possible: 
- a cracEc will not, practically, Propagate under operation 
conditions (the evaluated crack moth of the size a = 0.1s under 
the action of cyclic loadings in W E R  does not exceed 0. I m),  
i. e. safety margin is realized; 

- while Propagating a surface crack will reach the critical (for 
given material) size before going out t o  the other wall surface; 

- by growing t o  the size S and breaKing a ligament a cram becomes 
through, LBB is realized, and a through crack length will be 
smaller, than the critical one for a long time, sufficient t o  
record leak 

In this connection, in the estimation of the Possibility of leak, 
a practical methotology is as follows: 
1. Giving of an initial defect on the base of NDE data (ao, 2c,) 

by the consideration of a static distribution of technological 
defects and rules of their schematization. 

2. Calculation of critical defect sizes by analysing the structure 
ultimate states (a, 2c$. 

3. Evaluation of the geometry of initial cracks under conditions 
of Cyclic and suasi-static loading,including ligament breaK loads 
(a,= a,+ aa, 2c,= 2tc,+ AC). 

4. Calculation of a Postulated through cracK (on the cosmtion of 
5. Safety margin determination. 
As a result of the performed analysis, it was necessary t o  
e s t  ab1 ish: 
- the fact of a stable existence of cracKs of the size (a,, 2c,) 
in PV and piping wall, which are calculated t o  the end of 
Operation time with the relevant safety margins (n, = 2 )  under 
maximum design loads in the normal, hydrotest and accident regimes 
for Pressure vessels and normal and normal + earthcruaKe regimes 
for Pipings; 
- stability of a Postulated through crack, the sizes of which are 

le%) and its comarison with the critical size. 
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determined from the conditions of a reliable detection of lea. 
It is shown in (Erdogan 19741, that it is easy t o  detect l e a  with 
the consumption Q = 0.4 l/min. For W’ER the consumption Q = 3.8 
l/min is, Practically, sufficient. However, for a conservative 
evaluation of a through cracK in pipings the consumption Q = 38 
l/min (n,= 10) is recommended (H-TnP-01-93), and the values of 
maximum design loads are recommended t o  increase by n,=F times. 
For NPP operators the following criteria of LBB realization can be 
used t > T/nt , where t is the calculated time f o r  a craw 
increment evaluation from its length 2c,at the moment of ligament 
bre& o r  the length emal t o  the critical size 2c,; T is the real 
time for the realization of the l e a  detection system in piping in 
the normal regime; n,is the safety margin. Hire t = (2ccr- 2cK)/2V 
(V - an axial cracB growth rate). 
However, such approach does not t a e  into account the history of a 
semi-elliptical cracK growth and the analysis of stability loss  of 
the ligament under crack which is allowable only for a tough 
case, when brittle fracture is absent during a surface cracB 
growth. For thicB-walled Pressure vessels it is necessary t o  
exclude cases of brittle fracture (when a surface cracK becomes a 
through one), and t o  determine stresses for ligament rupture and 
t o  establish the geometry of lea2.r. In a Presswe vessel wall, 
satisfying LBB conditions, a brittle unstable Propagation of a 
twough cracK must occur under stresses greater, than those, which 
are necessary for its stable growth on thiclsness and length o r  for ‘ 

ligament ductile rupture under a surface cracB. The range of LBB 
realization for a Pressure vessel, containing a semi-elliptical 
cracK, is determined as G* / 6, < I, i.e. bY means of the 
comparison of nominal stresses in vessel wall, leading t o  the 
ligament rwture 6” , with the critical stress 6,  for a through 
cracB of the same length. 
The FEX analysis (BroeK 1980) shows, that in the absence of theb 
anisotropy of &&haracteristics in the transversal G$nd axial Kxc 
direction of the vessel i : 2  the LBB conditions are not realized. 
BY using the simplified Irwin criterion (Irwin IS631 and the 
suggestion, that before the cracB slipping through the Qall the 
defect has the shape of a semicircle and the stresses in the wall 
age equal t o  the Yield stress according t o  the calculated relation 
~ , / ( s . Y s ~  + QC + 1/2 it can be shown, that LBB is realized for 
thicKnesses not more, than 30 m. The ligament rupture conditions 
under a surface defect can be determined according t o  the Daffi 
empirical emation (Daffi 19771, having an empirical confirmation 
for tubes: 6* /Sr  = A;A/CA,- A ( G  /G+ 1 , where A,= 2c% is the area 
of a through defect of the same length as that of a surface 
defect; A - the surface defect area; 6$ - flow stresses C E2 = (PS+ 
+ U T W Q J .  



. -  ... . . - .  
For thicl-r-walled vessels and pipings the conditions of plastic 
Joint formation and Plastic stability losses of the ligament under 
a surface, defect is determined by the correlation (Norms of 
boilers) G = (1 - a/s)/(i - ~/s.I/H,), where &is the Follias 
correction on the yyZssel curvature f o r  the through defect Zc: I&= =I1 + 1.61 cz/(R-S)l . BY using the FEX correlation the calculation 
results of the criterion K ~ ~ / (  G*.\SS) were obtained for surface 
longitudinal semi-elliptical defects at a/c = 2/3 for various R/S 
ratios under nominal tangential stresses esual t o  250 MPa. FigA 
gives the ultimate values of semi-elliptical defect Sizes, for 
which the LBB condition is realized according t o  esuation, 
mentioned above, without the correction on Plasticity and by the 
consideraton of it. The LBB conditions are realized bu the values 
of KIc/( Gz.\rs) more, than 1. 7L; 1. 76 and 1. 81 at R/S = 3, I O ;  15, 
respectively. These conditions are realized fur all defect depths 
but only for pipings of the diameter less, than 36 m and 
materials of 270 HPaE fracture toughness. BY lower values of the 
nondimensional Parameter the LBB conditions are realized only for 
cracKs with a definite small o r  large relative depth, and there 
exists the range of depths, where brittle unstable fracture 
without a preliminary le% realization t%es Place. The loss of 
the plastic stability of ligament f o r  a/S < 0.7 cracKs occurs by 
nomina1 stresses, close t o  the Yield stress. Therefore, a correct 
consideration of LBB conditions remires the application of 
elastic-plastic analysis metods. 
Fig.2 Presents the calculated according t o  (Sturn 1985) graphical 
dependences of the ultimate load variation f o r  vessels, containing 
surface cracKs (c/a = 1.5; R/S = 5.0). This figure depicts three 
areas, calculated according t o  the methotology (H-01-88), which 
correspond t o  brittle fracture (11, developed Plastic strains (E1 
and loss of the ligament plastic stability (@I. The generalized 
toughness Parameter K, / (  6'4- is Plotted on the axis of 
abscissae. Fi6.3 gives an example of PV calculation at c/a = 1.5 
and R / S  = 5 on the iormulas f o r  a surface and a through-wall 
defects. The LBB realization is determined by the intersection of 
the corresponding curves for both tmes of defects and the 
realization is possible at a/S > 0.55. k Possible mechanism of PV 
fracture (see Fig.2) is .selected by. the structure geometry, its 
operation conditions and first of all by the material resistance 
t o  defect and its strength properties. The LBB conditions can be 
sufficiently expressed by the introduction in the strength 
calculation the nondimensional parameter ~ ~ ~ / 6 g . g 3 ,  controlling the 
LBB Process. From the Physical point of view the ssuare of this 
value characterizes the relation of the cracK tr,) plastic zone 
size t o  the element (SI thicmess. The l o s s  of Plastic stability 
t%es place bu r,/s tending t o  nit. 
In the Process of design, Production and operation (by the 
consideration of radiation influence) it is necessary t o  Provide a 
high level of fracture toughness (Kc ) ,  a small resistance of 



2.0 

1.5 

1.0 

0.5 

0 

/ 
1 

lR !I 
J4 d 

Q/c = 5x3 
I 

0.5 I 

Fig. 1. Evaluation of LBB conditions for longitudinal semi-elliptical defects with (-) and without 
(--4 the correction on plasticity. 
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Fig.2. Ultimate load for a vessel, containing a surface crack (calculation according to  depen- 
. dence 2a): I - area of brittle fracture, I1 - area of crack propagation by the  developed plastic 

strains, 111 - area of plastic stability loss. c /a  = 1.5, R/S  = 5.0. 

Fig.3. Ultimate load for a vessel, containing surface 6-3 and through &) cracks (calculation 
according to dependence 4a). c /a  = 1.5; R/S = 5.0. 
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material t o  Plastic strain by considering its hardening (Gf) and, 
if Possible, not t o  overstate the wall thiclrness S. Besides, the 
geometrical character of structure R / S  also has some influence on 
LBB achievement. It should be also taKen into account, that a 
shape of initial technological defect, determining the cracK 
critical size has a great importance from the Point of LBB 
Preceding. In this study for PV a calculated surface defect with 
the normative correlation of semiaxes a/c = 2 / 3  is taKen, and for 
Pipings (with a great contribution of bending stresses and in the 
Presence of compensating stresses) a/c = 1/3. The simplest and 
most reliable way t o  realize LBB is the Provision of a high level 
of material fracture toughness at the stages of  design, production 
and operation. At the value of the Parameter 

the conditions of PY fracture in the Presence of through and 
surface defects are determined by the conditions of material Z 
value esuipment materials can be devided in 3 grows: 

2 = (Kc / 6 C G ) " - T  / (8 p.a/S) > 2. 5 

- austenitic materials of,pipings Z > 2 . 5 ;  
- reactor Pressure vessel materials ( t o  the end of design service 

- materials of the main esuipment, materials of Pressure vessels 
When the Parameter 2 is less 0.8 PV materials are in the range of 
brittle fracture and the application of the LBB concept must be 
excluded. Within 0.3 < Z < 2.5 the ligament rupture is realized, 
but a stable cram growth is also Possible. In this case, tmical 
of PV materials for NPP equipment, LBB exists in the lirnitted 
range of operation time and crack lengths and the bounds of its 
realization can be established by the calculation. 
The Performed analysis Permits t o  give recommendations on the 
correction of the normative documentation concerning the 
optimization of material Properties in terms of LBB concepts: 
- decrease of strength Properties (i.e. material strength 
categorulto the level of the guaranteed Horms (PKAE 6-7-002-881 
values; 

- increase of the WPer shelf of fracture toughness (J - R 
curves),controlled the acceptance criteria of iwact strength and 

- the reduction of radiation embrittlement coefficient f o r  
Pressure vessels owing t o  the amlication of Pure on impwit? 
elements materials. 

Besides, the constructive rneasllres a r e  necessary t o  reduce 
radiation flow attacIs on PV wall. 
From the Positions of LBB realization the investigations are 
important on the groundation of the calculated defect shape (a/c) 
f o r  Pressure vessels and Pipings, which should be suwlemented 
with the statics accomodation on the lea& geometry. In the 
concepts of LFEI it.is iwossible t o  satisfy the condition6, / G a E > i  
for cracKs a = s even if one suggests that a crack start and its 

life) 2 < 0.8; 

0. 8 < 2 < 2. 5. 

.-. DBTT ; 



stable increment is possible on the whole wall thiclmess. 
Therefore, the application of the LBB concept as a safety 
criterion should be prohibited in a brittle zone, because dmamic 
effects by the ligament rupture are difficult t o  consider. Due t o  
a small Power-intensity and a high speed of rwture Process of 
ligament the critical cracK length, in this case may decrease and 
will be determined by the value of stored energy in the system 
"Pressure vessel - coolant" and its maintenance at a certain 
level. 

CONCLUSION 

Thus, there are Preconditions for Pipings and Presswe vessels f o r  
the realization of the LBB concept. For this Purpose it is 
necessary t o  select materials with low values of initial 
characteristics DBTT, Gs and the coefficient of radiation 
resistance AF (P < 0.010%, Cu < 0. 1 x 1  p?nd t o  Pgovide the given 
conditions of irradiation F < i.2~10 neutr/m . To ground the 
assmwtions, taKen in calculations, it is necessary t o  carry out 
investigations associated Kith the obtainment J - R curves and the 
correction of the umer shelf of K c  (J, 1 curves by the 
consideration of the change of metal strength category by 
irradiation, by the groundation of the calculated defect geometry. 
It is also necessary t o  develop swplements t o  Norms on the 
consideration of the calculated LBB situation as well as fur the 
case of shallow craclss and thermal Prestressing. 
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THE NAI'URE THICKNESS PIPE ELEMENT TESTING 

CONCEPTION 
METHOD TO VALIDATE THE APPLICATION, OF LBB 

Vasilchenko G.S., Artemyev V.I., Merinos G.N., TSNIITMASM, Russia. 

Kivkin E.Yu., NIKIET, Russia. 

To validate the application of LBB conception to main pipe D850 
WER-1000 reactor the procedure for the test of a large-scale specimen 
on electrohydraulic machine PC 1O.OC Schenck was developed. 

For this aim from the pipe storage diameter 850x70 mm (steel 
1 OFH2M.OA with circular weld and stainless cladding inside) was 
manufacturcd by PO A'I'OMMASM to a standard technology. The large- 
scale longitudinal specimens having 2000 mm length and 250x70 mm 
cross-scction were cut out froni this pipe storage. The remaining parts of 
the weld aftcr cut out were used for determination standard tensile 
mechanical propcrtics, critical temperaturc oC brittlncss and for 
ma 11 u fac t t i  rc of coni p:ic t speciru en s. 

The guaranteed [ 1 ] end espcrimcntal mcchanical propcrtics of weld 
arc giving in ihc tablc. 

Mcclianical properties of weld metal of thc steel 1017-12h~QA. 

Temperature Yield Strcss 

"C RpO.*, MPa 

20 343 
350 294 

20 327.3-548.8 
(490.6) 

.(.to 1 . 1 ) 
320 367.5-454.7 

U1 timate Elongation 
S trengt 11 
Km, MPa A,% 
Guaranteed 

539 16 
490 14 
Esperimen tal 
559.6-666.4 19-28 
(6 13.3) ( p . 2 )  
506.7-579.5 19-20.3 
(540.7) (1 9.4) 

Area 
Reduction 
z,s'i, 

55  
30 

4 1.6-73.3 
(64.4) 

(67.8) 
64-7 1.6 

Note: Middle values are showing in brackets. 

The critical temperature of brittlness determined by standard method 
121 was equal by minus 60 'C. The stress-strain diagrams were espressed 
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by dependence Ramberg-Osgood with parameters at 20 "C a=2.52, ~ 7 . 9  
and at 320 "C - ~ 1 . 1 2 ,  n-11.7. 

The test of compact specimens. The compact specimens having been 
thickness 25 mm were used for test at temperatures 20 OC and 320 OC. 
The surfaces of stable growing up crack were checked by heat painting. 

The values of J-integral were calculated with use of diagram load- 
displacement P-A according formula of Russia standard [3]: 

. .  

0.522 ( w - I) 
. w  

(1 - p*)X; 
J =  + 

E (w - 1) t 

were: - Poisson's ratio; E- elastic modules; w - specimen width; t- 
specimen thickness; 4 - plastic area under diagram P - & 1 - crack 
length. 

The calculations were showed that JR-curve at 20 "C can be described 
by expression JR = 0.5G5.~~1°*705 and at 320 "C - J R  = 0.3 1 l.A1°.705 (Fig. 1). 

The v d ~ c  J1, was determined [3] by intersection point of line blunting 
J -= Al*(I<I,o.2 f K,,,) end straight linc carricd out across csperinicntel points 
in reliable square. Nest dates wcrc received: ut  20 "C J,, = 0.28 MN/ni. 
K1, = 242.5 MPa*mO*', at 320 "C J1, = 0.12MN/m. K1, =: 159 MPa-m'.' . 

The test of large-scale spccinrcns with . . .- .- central .. .. ._. through-wall -- --- .- crack 
by tension. I'hc general kind of large-scalc spccimcn rnountcd in machine 
PC 1O.OC Schenck is showing on Fig.2. Thrce specimens having becn 
70~250 mm cross-scction with initial lcngth of through-wall crack 210 
47 .3 ;  129.2 and 150.8 mm were tested at temperature 20 'C. 

The static loading Was carried out aftergro~~n_eli~-cracack froin the cut 
,by cyclic loading. Stable growing up cracks were. checked with use of 
intermediate cyclic loadins. The stress-strain diagram with intermediate 
unloading written by the test of specimen 35 is showing on Fig.3. 

The determination ofvalues J were carried out at formula [4]: 

where 
w-2.1 

9 '  E rL. 
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1 l e = l + - * ( - ) . ( q 2  1 n-1 .( I 

2n n + l  Rp0.2 l+P/Po 

Po = Rp0.2 (1 - :) t w 

ApI - plastic part of displacement. 

JR-curve for large-scale specimens with use of least square method and 
cxperimental points are showing on Fig.4. 

The test of large-scale specimens with central surface 
semielliptical cracks by tension. Four specimens having been 70x250 
mm cross-section with initial crack sizes ( ao-depthy co-semilength) a. = 

* 34.8 mm, 2c0 = 182.4 mm; a. = 37.3 mm, 2c0 = 1124  mm; a. = 36.3 
mm, 2co = 1.10 mm; 210 = 37.35 mm, 2c0 = 143.2 rnm were testcd at 
temperature 20 "C. Stable growing up cracks wcrc checked also with use 
of intcrmcdirttc cyclic loading. Thc gcncral kind of break of specimen was 
showing on Fig.5. 

TIic dctermination ofvalucs J wcrc c:irricd out at hrmula [ 5 ] :  

The calculating JK -curve and experimental points arc giving on Fig. 6. 
Analysis of obtained results. J R  curves weld material constructed at 

tcst of difference specimens arc giving on Fig.7. 1,cast values at the some 
growing up of cracks were observed at the tests of compact specimens, 
most ones-at tests specimens with through-wall crack and intermediate 
ones-at tests specimens with surface crack. The results of tests specimens 
with through-wall central crack were showed that visiblc growing up of 
crack (0.5-1.0 mm) was observed at net stress near yield stress and 
loading before fracture was achieved at maximum stress equalled 
approximately 0.5*( Rpo,Z +Km). 

The investigation of cyclic crack resist&ce. The study of a crack 
kinetic of weld material at cyclic,loading was carried- out on an air at the 
temperature 20 "C with using specimens of small sizes at tensile and bend 
and the same one was camed out for large-scale s p i m e n s  with through- 
wall and surface cracks. It was revealed that parameters of cyclic cracking 
resistance which had becn measured on large-scale specimens and small 
standard specimens were idetitical. Summary dates of all tests are 
showing on Fig.8. The group ofdata was described by expression 
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da - = 2.1 0-12 ( A K , ) ~ ~  . 
dN (4) 

The reliable estimation with taking into consideration of data scatter was 
described by mpression 

da - = 4.75*iO-12 (AK1)3'1 
dN 

where a in m and K in MPa.moas. 
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Fig.1. Diagrams of 
10ff -I2ILI(DA 

fracture 
obtained 

resistance for pipe weld metal of steel 
by means of test of compact specimens at 

temperature 20 "C (a) arid 320 OC (b). 
1 - JK = 0.5GS-A19 'Os: 2 - JK .= 0.3 1 1'Al 0.705 . 
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Fig.2. General view of a large-scde specimen mounted in a test machine 
PC-1O.OC Shenck. 
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Fig.4. Diagram fracture resistance for pipe weld metal of steel 
1 OT'€-I2bl@A obtained by. means of.  tensile test the large-scale 
specimens M4, 34, 35 with central thr&gh-wall crack. 
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Fig.5. Fractured surfiice of the large-scale specimen 33 with surfice 
crack. 
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Fig.6. Diagram fracture resistance for pipe weld metal of steel 
lOI-"2M(DA obtained by means of tensile test the larse-scale 
specimens with surface crack. 
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Fig.7. Calculating ciirves by results of different specimens. 
1 - ccntral through-wall crack 
2 - surface crack: 
3 - compact specimen. 
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Fig.8. Cyclic curves crack grow up. 
1 - bend specimens 18x12~160 mm, fL15 1-Iz; 
2 - bend specimens 18~12~160 mm, f =1 Iiz; 
3 - compact specinlens CT-1, f = 10 Mz; 
4 - tensile specimens 10~60.300 mni, f =  20 Hz; 
the large-scale specimens 3 1 - 36, M3 of cross-section 70.~250 tnm 
with surface and through-will cracks . 
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ABSTRACT 
The fracture behavior for Japanese c h o n  steel pipe STS410 was examined under dynamic monotonic and I 

cyclic loading through a reserch program of International Piping Integrity Research Group (IPIRG-2), in order 
to evaluate the strength of pipe during the seismic event The tensile test and the fracture toughness test were 
conducted for base metal and TIG weld metal. Three base metal pipe specimens, 1,500mm in length and 
6-inch diameter sch.120, were employed for a quasi-static monotonic, a dynamic monotonic and a dynamic 
cyclic loading pipe fracture tests. One weld joint pipe specimen was also employed for a dynamic cyclic 
loading test. In the dynamic cyclic loading test, the displacement was controlled as applying the fully 
reversed load (R=l). The pipe specimens with a circumferential through-wall crack were subjected four 
point bending load at 300C in air. 
Japanese STS410 carbon steel pipe material was found to have high toughness under dynamic loading 
condition through the CT fractm toughness test. As the results of pipe fracture tests, the maximum moment 
to pipe fracture under dynamic monotonic and cyclic loading condition, could be estimated by plastic collapse 
criterion, and the effect of dynamic monotonic loading and cyclic loading was a little on the maximum 
moment to pipe fracture of the STS410 c h o n  steel pipe. The STS410 c h o n  steel pipe seemed to be less 
sensitive to dynamic and cyclic loading effects than the A106GrT carbon steel pipe evaluated in PIRG-1 
program. 



1. INTRODUCTION 
Remarkable decrease of the tensile strength and toughness under dynamic loading and remarkable decrease of 
the maximum moment under dynamic cyclic loading for carbon steel pipe A106Gr.B pipe of ASTM standard 
had been found out through a reserch program of International Piping Integrity Research Group (IF'lRG-1). ' 
These results may influence the evaluation of the strength of cracked pipe during the seismic event, in other 
words LBB(Leak Before Break) evaluation. 
In Japan, the dynamic cyclic tests have been conducted for smalldiameter Japanese carbon steel pipes 
(STS410) * and showed little dynamic effect on pipe fracture. However, the dynamic-cyclic effect for 
larger diameter pipe must be evaluated in comparison with A106GB pipe. Therfore, the fracture behavior for 
Japanese carbon steel pipe STS410 was examined under dynamic monotonic and cyclic loading to evaluate the 
sensitivity of STS410 to Crynamic and cyclic effects as A106GrB. 
These tests were performed by Battelle, using the specimens supplied by the Japanese joint research members 
through a reserch program of International Piping Integrity Reserch Group (PIRG-2), Task 3 and Task 4. 

2. MATERIAI, CHARACTERIZATION TESTS 
2.1 Test Material 

STS410 pipe, used as a typical carbon steel pipe of RCPB(Reactor Coolant Pressure Boundary) in Japanese 
BWR plants, was selected for test material. All base metal specimens were fabricated from 6-inch diameter 
Sch.120, STS410 carbon steel pipe. All weld specimens were machined from tungsten-inert-gas(TIG) weld of 
6-inch diameter Sch.120, STS410 carbon steel pipe. The pipe sections used in the fabrication of the base 
metal tensile and C(T) specimens, and the pipe sections used for weld metal specimens, were al l  from the 
same heat of pipe as the pipes used in the pipe fracture experiments. The welding for the pipe experiments 
and material tests were all made at the same time wing the same procedures. 

2.2 Test Conditions 
Tensile tests and fiactm toughness tests were conducted at 300C(572F). All tensile specimens were 
manufactuml with the tensile axis parallel with the pipe axis. All C(T) specimens were manufactured 
without flattening and were fabricated in the L-C orientation, simulating the growth of circumferential 
through-wall crack in a pipe. Fracture toughness tests were conducted on both the base and weld metal per 
ASTM E1152/E813. 
Both quasi-static and dynamic loading rates (nominally 1, lOsec - ' ) were used in the tensile tests and the 
fracture toughuess tests. All of these tests were conducted using monotonic increasing displacement-control, 
i.e., there was no cyclic loading in these material characterization tests. 
Table2.1 shows thematerial characterization test matrix. 

2.3 Results of Tensile and Fracure Toughness Test 
Table2.2 shows the tensile test results for both the STS410 base metal and the TIG weld. As the strain xate 
is increased from quasi-static to dynamic rates, the tensile strength is decreased in both base and weld metal. 
The weld metal has high tensile strength than base metal at all cases of the loading rates. The serrations were 



slightly observed in stress-strain curves at the dynamic loading, indicating that the material is not highly 
sensitive to dynamic stxain aging. 
Table2.3 shows the toughness test results for both the STS410 base metal and the TIG weld. Fig2.1 shows 
the J-R curves for base metal and Fig2.2 shows the J-R curves for weld. The effect of loading rate on the 
fracture toughness is minimal for base metal and weld though J at crack initiation is decreased for the weld 
metal when the strain rate is increased. 

3. PIPE FRACTURE EXPERIMENTS 
3.1 Teat Procedures 

Table3.1 shows the test matrix for four pipe experiments conducted in four-point bending. Three base metal 
pipe specimens which were 1,500mm in length, 6-inch diameter Sch120, were employed for a quasi-static, a 
dynamic-monotonic, and a dynamic cyclic loading pipe fracture tests. One weld joint pipe specimen was also 
employed for a dynamiccyclic loading test. In the dynamic-cyclic loading tests, the displacement was 
controlled as applying the fully reversed load (R=-1). The pipe specimens with a circum€erential60 degrees 
through-wall crack were subjected four point bending load at 300C in air. 
Fig3.1 shows the schematic of test apparatus. This is Battelle’s 580KN Material Testing Systems (Supplier of 
setvo-hydraulic equipment) for displacementantroled cyclic pipe experiment. Prior to the actual test 
loading, the circumferential through-wall flaws in these pipe experiments were introduced at the mid-length 
position of the pipe using Electric-Discharge-Machining. 

3.2 Results of P i p  Fracture Tests 
The m m m y  of the results from the pipe fracture tests is shownh Table 3.2. Figure 3.2a shows the 
moment-rotation curves measured in the quasi-static monotonic loading test (Experiment 3.3-1) and the 
dynamic monotonic loading test (Experiment 4.2-1). The curves measured in the dynamiccyclic loading 
tests@xperiment4.2-2,4.2-3) are shown in Figure 3.2b and 3.2~. The rotation data shown in these fi- are 
the balf rotation angle ( 6 ), Le., the average rotation of the pipe to its initial horizontal position. 
The ratios of experimental maximum moment to predicted maximum moment based on plastic collapse 
criterion are listed in Table 3.3. The predicted maximum moment was calculated by the following equations. 

M n a x = 2  U t  R 2  t ( 2 s i n f l  -a/tsin 8 ) (1) 

B = I D (  R -alt e (2) 
Here R and t are the nominal radius and thickness of pipe, a and 8 are the the depth and half angle of crack, 
and U f is the flaw stress defined as the average of yield and tensile strength obtained in the material test 
under quasi-static loading. 
Figure 3.3 shows the comparison of the maximum-moment ratios between the STS410 and A106GrB. The 
data of the A106Gr.B shown in this figure are based on the results from IPIRG-1 program. 
Based on these tests, The effects of dynamic monotonic and cyclic loading on the fmcture behavior was 
evaluated for STS410 &on steel pipe. 

4 )  5 )  



3.2.1 The Effect of Dynamic Loading 
The comparison of the moment-rotation c w e  between the quasi-static monotonic loading test and the 
dynamic monotonic loading test is shown in Figure 3.2a. The maximum moment under the dynamic loading 
decreased slightly against that under quasi-static loading. However, the maximum moment under the 
dynamicloading could be also estimated by the plastic collapse criterion because the maximum-moment ratio 
was nearly equal to 1, as shown in Table 3.3. 
According to the comparison of the ratios between the STS410 and the A106Gr.B, the ratios were decreased 
in both the STS410 and A106Gr.B with increasing loading rate. However, the extent of the reduction of the 
STS410 was slightly less than that of the A106Gr.B, as shown in Figure 3.3. In addition, the STS410 didn't 
show the b e b i o r  although the A106Gr.B under the dynamic loading showed the behavior of some crack 
instabilities, i.e., crack jumps,. Thus, the STS410 pipe seems to be less sensitive to dynamic loading effect 
than the A106Gr.B pipe. This suggestion is supported by the results of the tensile tests and fracture 
toughness tests. The STS410 pipe material seems to be less sensitive to dynamic strain aging than the 
A106Gr.B pipe material. 

3.2.2 The Effect of CycIic Loading 
Figure 3.4 shows the comparison of the moment-rotation c w e  between the dynamic monotonic loading test 
and the dynamic cyclic loading tests. In this figure, only the envelope of the moment-rotation curves are 
presented. 
The maximum moment under the cyclic loading was slightly decreased in base metal against that under the 
dynamic loading. However, the maximum moment under the cyclic loading dould be also estimated by the 
plastic collapse criterion because the muximum-moment ratio was nearly equal to 1, as shown in Table 3.3. 
According to the comparison of the ratios between the STS410 base metal and the A106Gr.B base metal, the 
extent of the reduction of the STS410 base metal to the dynamic loading was less than that of the A106Gr.B, 
as shown in Figure 3.3. The STS410 pipe seems to be less sensitive to cyclic loading than the A106Gr.B 
pipe. 

4. CONCLUSIONS 
The fracture strength of the STS410 carbon steel pipe with circumfrencial through-wall crack has been 
examined under quasi-static monotonic, dynamic monotonic and dynamic cyclic loading conditions, in order to 
evaluate the dynamic monotonic and cyclic loading effects. The conclusions are summerised as follows : 
(1) The STS410 carbon steel pipe material and the associated TIG weld may be slightly suspectiile to 

(2) The STS410 carbon steel pipe seems to be less sensitive to dynamic monotonic and cyclic loading effects 
dynamic strain aging effects. However, the extent of their suspectibility is probably slight. 

than the A106Gr.B carbon steel pipe evaluated in PIRG-1 program. 
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Experiment Number 
Specimen Number 
Actual Pipe Diameter 
Actual Pipe Wall 

T l ~ ~ g l l - W d l  Crack 

Quasistatic Dynamic Dynamic Dynamic 
Monotonic Mo~tonic  Cyclic Cyclic 
Loading Test Loading Test Loading Test Loading Test 

3.3-1 4.2-1 42-2 4.2-3 
IP-Fl3 IP-FIO IP-FI1 IP-FI2 

166.0 mm 168.3 mm 165.6 mm 166.2 mm 
14.4 mm 14.5 mm 14.5 mm 14.4 mm 

Target Loading Rate I 

I 
1 BaseMelal 
~ 60 degrees 

Quasi-static 
Monotonic 
Four Point Bending 
- 

1.524 m 
0.610 m 

300 r 

I 
Base Metal Base Metal Weld M e a  

GO degrees GO degnes 60 degrees 

300 r 300 r 300 r 
Dynamic Mo~tonic  Dynamic Cyclic Dynamic Cyclic 
Four Point Bending (R= -1) Four Point 

Bending Bending 
25 mmlsecond 25 mmlsecond 25 mmlsecond 

1524 JII 1.524 m 1.524 m 
0.610 m 0.610 m 0.610 m 

(R= -1) Four Point 

(1 inchlsecond) (1 inchlsecond) (1 inchlsecond) 

Experiment Number 
Load History 

Crack Location 
Moment at Crack 
Initiation 
Maximum Moment 

7 

3.3-1 ' 4.2-1 4.2-2 4.2-3 
Quasi-Static Dynamic Dynamic DyMmic 
Monotonic M O M ~ O ~ ~ C  Cyclic S=1 Cyclic %=-I 
BaseMetal BaseMetal BaseMetal WeldMetal 
71.3 kN-m 68.7 kN-m 63.5 kN-m 832 kN-m 

92.8 kN-m 84.1 kN-m 78.4 kN-m 88.0 kN-m 

IMaximumMoment I I I I ~~ I 

Number of Cycles to 
Crack Initiation 
Number of Cycles to 

Table 3.3 Ratios of urpelimental maximum moment IO predicted maximum moment 

Experiment Loading Material Experimental maximum momat 
MSC Predicted maximum moment 

3.3-1 QS,Mono 1.103 
4.2-1 Dy4Mono 0.966 
4.2-2 Dyn,Cyc@=l) STS410 0.932 

1.043- 

*1 Crack in a TIG Weld. 

NIA NIA 8 13 

NIA NIA 14 13 

463 



0 0.0s 0.1 0.15 I 
Half Rotation (q). ndirnr 

Figure 3.1 Schematic of @st appratus 
Figure 323 Moment versus half rotation for Experiment 4.211 and 33-1 

I I I 
3.05 0 0.0s 0. ! 0.15 0.2 

H.lfRoW*on (4). radians 

Figm 32b Moment versus half rotation for Experiment 4.2-2 

a 
Figure 3 3  Comparison of the ntios of c.qcrimatal maximum moment 

to prtdiacd maximum moment between tk STS410 pipt 
and the A106Gr.B pipe tested in PIRGI program 

-100 i* -0:os b 0.05 01 0.is 0 2  02.5 
1 I 

Half Rolllion (4). ndirar 

Figure 3 . 2 ~  Moment versus half rotation for Experiment 4.2-3 

Figure 3.4 Cornparkon of the moment versus half rotation between 
monotonic loading test and cyclic loading test 

464 



APPLICATION OF CYCLIC J-INTEGRAL TO LOW CYCLE 
FATIGUE CRACK GROWTH OF JAPANESE CARBON STEEL PIPE 

Miura N., Fujioka T., Kashima K. (CRIEPI, Japan) 
Miyazaki K., Kanno S., Ishiwata M., and Gotoh N. (Hitachi, Japan) 

INTRODUCTION 

Piping for LWR power plants is required to satisfy the LBB concept for postulated (not actual) defects. With this in 
mind, research has so far been conducted on the fatigue crack growth under cyclic loading, and on the ductile crack 
growth under excessive loading. It is important, however, for the evaluation of the piping structural integrity under 
seismic loading condition, to understand the fracture behavior under dynamic and cyclic loading conditions, that 
accompanies large-scale yielding. CEUEPI together with Hitachi have started a collaborative research program on 
dynamic and/or cyclic fracture of Japanese carbon steel (STS410) pipes in 1991 [l and 21. Fundamental tensile 
property tests were conducted to examine the effect of strain rate on tensile properties. Cracked pipe fracture tests 
under some loading conditions were also performed to investigate the effect of dynamic and/or cyclic loading on 
fracture behavior. Based on the analytical considerations for the above tests, the method to evaluate the failure life for 
a cracked pipe under cyclic loading was developed and verified. Cyclic J-integral was introduced to predict cyclic crack 
growth up to failure. 

This report presents the results of tensile property tests, cracked pipe fracture tests, and failure life analysis. The 
proposed method was applied to the cracked pipe fracture tests. The effect of dynamic andlor cyclic loading on pipe 
fracture was also investigated. 

HIGH-RATE TENSILE PROPERTY TESTS 

Tested materials are STS410 carbon steel base metal and submerged-arc weld metal. Table 1 shows the chemical 
compositions of the tested materials. Round-bar specimens of 5 mm diameter and 25 mm gauge length taken from 
the 4B X Sch. 80 pipe in the axial direction were used. Tensile tests were conducted at room temperature and high 
temperature (288 or 300 "C) under quasi-static and several high strain rates of 

Figures l(a) and (b) show the results of the tensile tests. Two specimens were used for each testing condition. Both 
0.2 % proof stress and ultimate strength increase with increasing strain rate at room temperature. 0.2 % proof stress 
also increase with increasing strain rate at high temperature. Although ultimate strength goes down as increasing 
strain rate at high temperature, it is almost saturated at high strain rate over 1 Oo /sec. Supposing that the failure load 
of a cracked structure can be predicted by the net-section collapse criterion based on the flow stress, which is defined as 
theaverage of 0.2 % proof stress and ultimate strength, it can not be notably influenced by strain rate at high 
temperature. 

to 10' /sec. 

Table 1 Chemical Compositions of Tested Materials 
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Engineering stress-strain relations were approximated to the Ramberg-Osgood curves, 

E /  EO = O /  00 + a (a/ 00)” , = 00 / E (1) 

where 00 and are reference stress and strain, respectively, a is a material constant, n is a strain hardening constant, 
and E is the Young’s modulus. The stress-strain relation was definitely dependent on strain rate. Figure 2 shows 
typical stress-strain relations of base metal at room temperature. For pipe fracture analysis, a specific stress-strain 
relation as a function of an equivalent strain rate can be provided by the proposed method in [3]. 

DYNAMIC / CYCLIC PIPE FRACTURE TESTS 

The pipe fracture test specimens are circumferentially through-wall or surface cracked pipes (4B X Sch. 80 ) subjected 
to four-point bending. Dimensions of the test specimen are 1200 mm in length, 114.3 mm outer diameter with 8.6 
mm thickness. For welded joint, throat thickness was reduced to 7.65 mm by DC processing. Flaw with the angle of 
30” or 60” was introduced by electric discharge machining. 
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Figure 3 Test Apparatus for Pipe Fracture Test 



The test apparatus is shown in Figure 3. They have a pair of outer supporting rollers with the span of 960 mm and a 
pair of inner loading rollers with the span of 300 mm to provide four-point bending loading. The test specimens are 
gripped between the rollers. Each pair of the rollers is set on a rotating device to follow the deformation of the test 
specimen. Pipe fracture tests were conducted at room temperature and high temperature. In high temperature tests, the 
test specimens were heated up at 265 to 285 OC by forced circulation of hot air. Tests were performed under 
monotonic loading and constant cyclic loading. 

Monotonic LoadinP Tests 

For monotonic loading tests, constant load-line displacement rate was controlled with 0.05 mmlsec (quasi-static) and 
higher rates than 5 mdsec (dynamic). Results of the monotonic loading tests are summarized in Table 2. Each 
experimental maximum load, Pmm, was compared with and normalized by the net-section collapse load, PL, which is 
evaluated by the following equation [4]: 

where Mr, is the net-section collapse moment, Lout and Ljn are the outer and inner span, R is the mean pipe radius, t 
is the pipe thickness, a is the defect depth, and 8 is half defect angle. of is flow stress defined as the average of 
experimental 0.2 % proof stress and ultimate strength of the material of interest under quasi-static strain rate condition. 
It is found that the net-section collapse load gives conservative prediction of the maximum load except for weld joint 
at high temperature. Figure 4 shows the relation between the normalized Pmm and load-line displacement rate. The 
ratio of PmJPL slightly increases as increasing strain rate, as shown in Figure 1. This result corresponds to the fact 
that the tensile strengths generally increase with increasing strain rate. The ratio of P&PL for surface defect is 
larger than that for through-wall defect. The ratio at high temperature is smaller than that at room temperature. The 
ratio for weld joint is smaller than that for base metal. This aspect seems to be related with the effect of constraint of 
base metal surrounding weld joint. 

l-T- Test No. Material 

4 67 

Table 2 Results of Monotonic Loading Tests 



Constant Cvclic Loading Tests 

For constant cyclic tests, constant load amplitude was controlled with about 50 to 90 % of the net-section collapse 
load. Alternating triangle wave loading (stress ratio = -1) was applied with the frequency of 0.1 Hz. Results of the 
constant cyclic loading tests are summarized in Table 3. Each experimental load amplitude, P,, was compared and 

' normalized by the net-section collapse load, PL, which was evaluated by Equations (2) through (4). Number of cycles 
to failure listed in Table 3 is defined by the point where particular load amplitude could not be applied to the test 
specimen. Figure 5 shows the relation between the normalized P, and the number of cycles to failure, Nb. It seems 
that the experimental ratio of P,/PL shows linear correlation with the logarithm of Nb for each condition regardless of 
type or size of defect. The ratio of P,/PL for 265 OC is smaller than that for room temperature as well as the case of 
the monotonic loading tests. Also the ratio of P,/PL for weld joint is smaller than that for base metal as well as the 
case of the monotonic loading tests. 
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Table 3 Results of Constant Cyclic Loading Tests 
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PREDICTION OF FAILURE LIFE UNDER CONSTANT CYCLIC LOADING 

Evaluation Procedure 

An evaluation method to predict the crack growth behavior and the failure life for circumferentially through-wall 
cracked pipe subjected to constant cyclic bending was developed [2]. In this method, cyclic J-integral range, AJ, is 
considered to be a dominant parameter which provides the low cycle fatigue crack growth under elastic-plastic regime. 

Cyclic maximum J-integral, Jmax, is defined as the J-integral corresponding to peak load points under cyclic loading 
condition. The Jmax for a circumferentially through-wall cracked pipe subjected to cyclic bending is experimentally 
evaluated by use of the q factor approach [5] as is the case with the monotonic J-integral. J estimation schemes such 
as the GE/EPRI estimation scheme [6] or the reference stress method [7] can be alternatively applied to calculate the 
J m a  Cyclic J-integral range, AJ, is effective to describe the fatigue crack growth in a large-scale yielding region [8 
and 91. The AJ for a circumferentially through-wall cracked pipe subjected to cyclic bending can be evaluated by the 
extended q factor approach developed in [2]. Otherwise, supposing that a cracked pipe is subjected to an alternating 
loading with stress ratio -1, and a crack closure is negligible, AJ can be simply approximated by the following 
equation: 

A J 1 4 J m u  (5) 

More precise relation can be derived by particularly taking account for the crack growth during a cycle [2]: 

2 a l a o  AJ= Jmax 
a /  ao- 1 I2 

where a0 is initial crack length. Figure 6 shows the relations between AJ evaluated by the extended q factor approach 
and the crack extension, Aa, together with the monotonic J-R curves obtained fiom monotonic loading pipe fracture 
tests. Comparing with the monotonic J-R curves, AJ nearly reach the monotonic J-R curves at the time of failure. 
This suggests that the failure criterion under high-level cyclic load is desiribed as, 

AJ (a, a) 2 JR (Aa) 

- 0' I I I I I 
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Figure 6 Experimantal AJ-Aa Curves under Constant 
Cyclic Loading with Monotonic J-R Curves for Base Metal 

Cyclic J-Integral Range AI, MNlm 

Figure 7 Low Cycle Crack Growth Law Based on AJ for Base Metal 
and Comparison with Crack Growth for Small-Scale Yielding 

469 



Another possible failure criterion is the net-section collapse criterion, since the maximum load under monotonic 
loading can be well predicted by the limit load based on the net-section collapse criterion. It seems that the failure of 
cracked pipe may occur when the applied moment, M, exceeds the net-section collapse moment, ML, 

e, 
0 
c. 

3 
2 

It is ascertained that the difference of the failure criterion does not affect the predicted failure life [3]. The crack growth 

Estimate J m  at the Load Peak 

.1 
Translate J ~ u  into AI I 

rate da/W under the cyclic load accompanying large-scale yielding can be expressed by the power law with respect to 
AJ ~71. 

8 

The constants of C and m in Equation (9) can be determined by the experimental relation between da/dN and AJ. 
Figure 7 shows the relation between da/dN and Al evaluated by the extended factor approach. The crack growth law 
of base metal is given by a unique relation for each temperature, 

-1 Update Crack Length, a 

da= 0.339 (AJ)1-51, cfr : [mmkycle], AJ : [MN/m] , for Base Metal at R.T. cvv & 
da = 0.649 (AJ)1.74, : [mmkycle], AJ : [h4N/m] , for Base Metal at 265 "C cvv & 

It is also found that the test results are in an extended regions of the relations between da/dN and AK obtained from the 
database for small-scale yielding on Japanese nuclear component ferritic steels [lo]. 

Based on the preceding discussion, evaluation procedure of the crack growth and failure life for a circumferentially 
'through-wall cracked pipe subjected to constant cyclic bending is shown in Figure 8. The method used in this study 
can be summarized as follows: 

(a) 
(b) 
(c) 
(a) 
(e) 

Calculate JmaX in the first cycle by GERPRI J estimation scheme. 
Calculate AJ in the first cycle by using Equation (5) or (6). 
Calculate da/W in the first cycle by using Equation (10). 
Add da/dN to the initial crack length a0 to update the crack length a. 
Determine the possibility of failure by using Equation (7). 

Repeat the above steps in the next cycle, if no failure will result. 

Prediction of Failure Life 

The evaluation procedure was applied to predict the crack growth 
behavior and the failure life for some pipe fracture tests subjected 
to constant cyclic bending. Figure 9 shows the comparison of the 
experimental and predicted relation between Aa and N for base 
metal. In this Figure, AJ was calculated using Equation (6), and 
the failure was identified using Equation (7). To eliminate the 
initial notch effect on the number of cycles, failure lives were 
counted from crack initiation. It is found that the predicted 
behavior is in good agreement with the test result. The 
unconservative result for the test C-2 seems to be caused by the 
deviation from the reference crack growth law. Figure 10 shows 
the comuarison of the exuerimental and uredicted failure lives for 

Failure ? 9 
base me&. Favorable prediction resultske obtained by using the 
proposed method. The predictions with the proposed Equation (6) 
improved the accuracy compared with the predictions made by the 
conventional Equation (5). Figure 8 Flow Chart of the Evaluation Procedire 
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CONCLUSIONS 

In this study, tensile property tests, cracked pipe fracture tests, and failure life analysis were conducted for Japanese 
representative carbon steel STS4lO to examine the effect of dynamic and/or cyclic loading on pipe fracture. 
Conclusions are summarized as follows: 

1) 
The flow stress was constant or slightly increasing with increasing strain rate for all cases. 

2) The maximum load was slightly increasing with displacement rate for monotonic loading tests. The number 
of cycles to failure could be related to normalized load amplitude based on the net-section collapse load for constant 
cyclic loading tests. 

3) The new evaluation method to predict the crack growth behavior and the failure life for circumferentially 
through-wall cracked pipe subjected to constant cyclic bending was developed. The crack growth behavior and the 
failure life were successfully predicted. 

Tensile properties increase with increasing strain rate except for the ultimate strength at high temperature. 
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Leak Detection Capability in CANDU Reactoa. 

N. h e r ,  D.H. Barber, P.J. Boucher, P.J. Ellis, J.K. Mistry, V.P. Singh and R. Zaidi 

In a CANDU reactor each pressure tube is surrounded by a calandria tube and the annular space between 
these tubes contains carbon dioxide. The COz provides thermal insulation to reduce heat loss from the 
pressure tube to the moderator surrounding the calandria tube. The channel annuli are connected together by 
tubing and piping to form a closed loop recirculating Annulus Gas System (AGS). Though primarily 
designed to provide a thermal barrier and chemistry control of the AGS, the AGS has been developed into a 
leak detection system. If a leak were to occur through the pressure tube, it would be detected by moisture 
sensors in the AGS. The AGS is designed and operated to provide the operator sufficient time to take 
appropriate action to prevent unstable fracture of a leaking pressure tube. This Leak-Before-Break (LBB) 
capability is used as defence in depth in CANDU reactors. 

Unstable fracture of a pressure tube is avoided if the LBB considerations can assure that: 

1) the crack length is less than the critical crack length(CCL) 

2) the leak is detected 

3) appropriate operator action is taken to shutdown, cooldown and depressurise the Heat Transport 
sytem to ensure that the crack length does not exceed CCL. 

This paper addresses the moisture leak detection capability of Ontario Hydro CANDU reactors which has 
been demonstrated by performing tests on the reactor. The tests c o n f i e d  the response of the AGS to the 
presence of moisture injected to simulate a pressure tube leak and also confirmed the dew point response 
assumed in LBB assessments. 

The tests were performed on Bruce A Unit 4 by injecting known and controlled rates of heavy water vapour. 
To avoid condensation during test conditions, the amount of moisture which could be injected was small (2- 
3.5 a). The test response demonstrated that the AGS is capable of detecting and annunciating small leaks. 
Thus confidence is provided that it would alarm for a growing pressure tube leak where the leak rate is 
expected to increase to kghr rapidly. The measured dew point response was close to that predicted by 
analysis. 



LEAK DETECTION CAPABILITY IN CANDU REACTORS 

N. he r t ,  DH. Barbe$, P.J. Bouche?, P.J. Ellist, J.K. Misty', V.P. Sin&$ and R Zaidit 
tReactor Engineering Services Department, OWAJXL, Sheridan Park, Mississauga, ON L5K 1B2 CANADA 
$Ontario Hydro Technologies, 800 Kipling Avenue, Toronto, ON M8Z 5S4 CANADA 
#Bruce A Generating Station, P.O. Box 3000, Tiverton, ON NOG 2TO CANADA 

1. INTRODUCTION 

Leak-Before-Break (L.BB) is used as defence in depth to avoid unstable rupture of a CANDV' reactor pressure 
tube (PT). The LBB concept requires timely detection and confumation of a leak, appropriate operator intervention 
to shutdown, cooldown and depressurise the reactor before the crack length exceeds the critical crack length 
(CCL). 

In CANDU reactors, pressure tube leak detection capability is provided by the Annulus Gas System (AGS). The 
AGS contains dry CO, recirculating in the annular space between the calandria tubes and pressure tubes. The 
system has the important design function of insulating the hot pressure tubes (PTs) from the relatively cool 
Moderator. The fuel channel annuli (up to 480) are connected in a senes/parallel configuration to form a closed 
loop recirculating system consisting of compressors, flow meters, and pressure gauges. An AGS string is defined 
as a set (from 4 to 12) fuel channel annuli connected in series. The strings are equipped with flow rotameters at 
the inlet ends. Hygrometers (dew point meters) and beetles (liquid detection devices) are provided to detect the 
presence of moisture and liquid respectively in the AGS. 

Because of deuterium ingress from the Heat Transport System (HTS) and formation of D20 by reaction with 
oxygen in the annuli, the humidity in the AGS increases with time. When the dew point temperature of the humid 
CO, reaches a predetermined value, the whole inventory of AGS gas is purged by a once through flow of CO, 
from a dry source. The purge frequency at the Bruce A reactors is typically once every 3 to 5 days. 

In the early stages of a pressure tube leak, the moisture from the leakage, carried by the recirculating CO, gas 
stream, is most likely fnst detected by dew point meters. For a growing crack, the leakage into the annulus 
increases and the presence of liquid water in the AGS would be detected by beetles (electrodes which conduct in 
the presence of water). At most Ontario Hydro reactors the dew point and its rate of change is monitored 
continuously and compared to a computerised dew point 'rate of rise' algorithm. The system is designed to provide 
alarms and annunciations in the control room when the setpoint (defined rate of rise) is exceeded. 

The response time and sensitivity of the AGS to abnormal amounts of moisture is an important parameter in LBB 
analyses. This response is determined analytically by a computer model which simulates the transport of moisture 
in the AGS. 

At Bruce the AGS utilises a dew point rate of rise algorithm which provides alarms and action limits (to shut 
down the reactor). This algorithm is based on dew point computer model predictions. Moisture injection tests were 
undertaken at Unit 4 reactor to confirm the AGS leak detection capability and computer model predictions. 

CANDU (CANada Deuterium uranium) is a registered trademark of Atomic Energy of Canada Ltd. 
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This paper presents the results of tests to determine the Bruce A Unit 4 AGS response to simulated moisture leaks 
and confum the performance of the dew point rate of rise algorithm. 

2. TEST PROGRAMME 

The test programme was divided into two phases. In the first phase moisture was injected into the AGS while the 
reactor was cold. Three cold tests (tests 1,2 and 3) were used to commission the test equipment and its 
installation. These results are not presented here. The second phase of testing consisted of three hot tests (tests 4,s 
and 6), which were performed with the reactor at zero power hot conditions. These are considered the tests 
representative of the reactor operational conditions and are discussed in this paper. 

The objective of the tests were to: 

i> measure the response of the AGS to small simulated leaks over the conditions which envelope 
AGS operating modes. 

ii) verify the performance of the dew point rate of m e  computer algorithm. 

2.1 Descriution of Test Programme 

Figure 1 is a schematic of Bruce A Units 3,4 AGS. It shows the DzO moisture injection point located just 
downstream of the individual inlet string rotameters. The test matrix is shown in Table 1. 

Table 1 Test Matrix 

AGS Operating Mode Injection Location 

The first hot test consisted of injecting DzO moisture into the inlet end of a 12 channel string while two 
compressors were operating (test 4). The AGS normally operates with 2 compressors and the longest string at 
Bruce A units 3 ,4  and Bruce B consists of 12 fuel channels in series. , 

The reactor should not be operated if the AGS flow does not meet a minimum flow requirement. A moisture 
injection test was performed to determine the system response with AGS flow just above the low flow operating 
limit (achieved by using one compressor). This case is a bounding case and should produce the slowest dew point 
response. As purging is also an AGS operating mode, injection during purging was also a feature of this test (test 
5). 
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Figure 1 Bruce Units 3,4 AGS Flow Sheet showing Test Injection Location 

To envelope the operating cases, moisture was also introduced into the inlet end of the shortest string (four 
channels in series) while 2 compressors were in operation (test 6). This was expected to produce the fastest dew 
point response. 

Moisture was injected at a constant maximum rate such that the CO, gis stream did not saturate (i.e. there was no 
condensation anywhere in the AGS). If condensation should occur, not all the moisture could be accounted for at 
the dew point meters. The maximum amount of moisture which can be injected and not cause condensation 
depends on the total CO, flow rate and the coldest temperature in the AGS. The coldest part in this case was the 
inlet piping (-20°C) leading to the reactor face. The injection rates used in the tests ranged from 1.95 g/hr to 3.6 
g/hr of D,O. In a crack growing by delayed hydride process (DHC), the leak rate from the pressure tube into the 
AGS increases rapidly from g/hr to kg.5r. Hence these tests are representative of small non-growing through-wall 
cracks and are therefore considered conservative with respect to a crack growing by DHC. 

3. TEST EQUIPMENT AND INSTRUMENTA"I0N 

3.1 D,O Iniection Equipment 

A moisture generator which produced a metered, unsaturated gas stream of known moisture concentration was 
used to inject D,O vapour into the AGS. The D,O injection rate was measured during the test and later confirmed 
by measuring the weight increase of a desiccant over a given time interval. 



3.2 Dew Point Samding Equiument 

A calibrated dew point sampling facility developed by Ontario Hydro Technologies (OHT) was connected to the 
AGS as close to the station dew point probes as possible (Fig. 1). It consisted of the following dew point meters 
in series: 

- "Panametrics" probe similar to the station "Panametrics MIT56 & m 5 7 "  which detect moisture by its 
effect on the electrical impedance of aluminium oxide. 

- "MCM" hygrometer which is a silicon-based sensor and detects the changes in capacitance when moisture 
is adsorbed onto the silicon. These meters are considered to provide an accurate measure of changes in 
dew point. 

- "EG&G" and "GED2" chilled mirror optical hygrometers. Chilled mirror hygrometers work on the 
principle of maintaining a constant frost layer while monitoring its temperature and are considered to 
provide the most accurate indication of dew point when conditions are not changing rapidly. 

The hygrometers were calibrated prior to the tests with DzO in CO,. Each of the hygrometers was connected to a 
data logging system which recorded the data every 11 seconds. 

3.3 Station Instrumentation 

The station Panametrics probes were calibrated for D,O in CO, prior to the tests. During the tests, control room 
records of the AGS dew point records, total AGS flow, pressure, dew Tint  rate of rise, rate of rise setpoints and 
control room alarms were obtained. 

4. TESTPROCEDURE 

The procedure for each of the tests was essentially the same. Prior to each test the AGS was purged to -35°C dew 
point and then operated in the recirculation mode until system flow, temperature and pressure stabilised Moisture 
was injeoted at a constant rate until the system dew point reached about -10°C after which a purge was initiated to 
dry the system for the next test. 

5. TESTRESULTS 

5.1 TEST 4 Dew Point Results 

This test was conducted with two compressors operating and with moisture injection into the inlet end of the 
longest string. The AGS flow was 3.2 Lls and the rate of moisture injection was 3.59 g5r. 

The record of dew point increases of the six hygrometers (OHT probes (3.2) and two station probes (3.3)) and the 
model predictions are shown in Fig. 2. 

It took the injected moisture about 75 minutes (Fig. 2) to travel through the 12 channel annuli and to appear at the 
hygrometers. All the hygrometers showed a step increase in the dew point at the same time. The delay in moisture 
detection by the dew point meters depends on the string length, AGS gas flow rate, mean pressure, temperature 
and the vapour mixing phenomenon ("plug flow" or "mixed flow"). The step increase in dew point occurs when 
the injected moisture exits the 12 channel string and reaches the hygrometers. After the first step change, the rise 
in dew point is more gradual. The "knee" in the dew point (at - 1.5 hours) is the time for the moisture which exits 
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from the longest string to reach to the inlet side of the AGS. At the inlet this moisture then distributes to all of the 
strings (of different lengths) in proportion to flow through the strings. This is the beginning of the "second pass" 
of moisture and all the channels now have moisture from the initial injection travelling through them. 
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Figure 2 Test 4 Measured Dew Point vs. Predictions 

The detection subsequent to injection depends on the transit time of the moisture through the varying length 
strings. Moisture from the shortest four channel string will be detected first followed by the seven, eight, nine, ten, 
eleven and twelve channel strings during the "second pass". The different times at which the moisture appears at 
the hygrometers determines the shape of the subsequent dew point curve. The dew point changes are not as 
pronounced in the subsequent passes since larger amounts of moisture would be necessary to obtain the same 
change in dew point at higher dew point levels. 

The model predictions indicate earlier and more gradual emergence of moisture at the dew point meters compared 
to the measurements. The moisture came out about half an hour later than predicted. This difference is due to the 
number of nodes used in the simulations as discussed in section 6. 

5.2 Test 4 Dew Point Rate of Rise Results 

At Bruce Nuclear Generating Station, a dew point 'rate of rise' computer algorithm is used to continuously 
calculate the rate of dew point rise, the high (Hl) and very high (VHl) dew point rate of rise alarm setpoints and 
to annunciate HI & VHI rate of rise alarms. The station computers retain dew point values fop six minute periods. 
The algorithm computes the rate of rise and alarm setpoints over the six minute intervals. If the measured rate of 
rise exceeds the HI or VHI rate of rise setpoints, it is annunciated in the control room. Figure 3 shows a plot of 
the dew point rate of rise calculated over six minute intervals. This way of data display clearly shows the step 
increase in the rate of rise when the moisture exiting the 12 channels is detected at the hygrometers. Control room 
(CR) records show a peak of about -55"Chr which occurs at 1.5 hrs into the injection, whereas the predicted rate 
of rise peak occurs about 15 minutes earlier and is lower than in the test. Since the alarms are based on rate of 
rise, the lower predicted peak is conservative from the alarm and operator actions point of view. 
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Figure 3 Test 4 Rate of Rise Comparisons of Test Data with Predictions 

Test 5 Dew Point Results 

Test 5 was conducted with one compressor operating and injection into the same string as test 4 @e. a 12 channel 
string). The total AGS flow rate (2.1 L/s) was just above the very low flow alarm limit. The moisture injection 
rate was 2.1 g5r .  

Because of the lower flow, the moisture took longer to appear at the dew point meters. The first moisture front 
was detected just after 2 hours from the start of injection pig. 4). Moisture was predicted by modelling to emerge - 
50 minutes earlier than the test results. A second front appeared at the 4 hour mark indicating a residence 
(circulation) time of 2 hours during this test Injection was continued during the purge mode to compare the 
measured values to the model's prediction behaviour during purging. 
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5.4 Test 5 Dew Point Rate of Rise Results 

Figare 5 shows the results and predictions plotted as dew point rate of rike. All the OHT and station hygrometers 
agree well with both the magnitude and timing of the rate of rise peak The results were also in good agreement 
with rate of rise from the C/R record of 38OChr. 

The rate of rise for this test was lower than for test 4 mainly because of the lower AGS flow rate. The lower flow 
rate allowed more mixing and dilution in the channels compared to the 2 compressor higher flow. 

The predicted peak occurs about 30 minutes sooner than the measurement and is much lower. 
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Figwe 5 Test 5 Rate of Rise - Measured Values vs Predictions 

5.5 Test 6 Dew Point Results 

This was a two compressor test with injection into one of the shortest strings (4 channel string). The injection rate 
was 3.4 g/hr and the AGS flow was 3.1 L/s. Because of the short string, the moisture came out much sooner (Fig. 
6) than the previous tests. The difference in moisture detection time after injection between the prediction and the 
test results is about 15 minutes. 
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Figure 6 Test 6 Measured Dew Point vs Predictions 

5.6 Test 6 Dew Point Rate of Rise Results 

The rate of rise at the initial moisture detection was much higher for this test (Fig. 7) since the shorter string 
length limits the mixing of the moisture as it travels through the channels (ie. more "plug flow" behaviour). 

In this test the VHI alarm (operator action alarm) was annunciated. The 'rate of rise' algorithm is based on a leak 
occurring at the inlet end of the first channel of a 12 channel string. This is again a conservative situation because 
it shows detection of a leak which is located furthest away from the dew point meters. The fact that the VHI 
alarm came in for the 4 channel string demonstrates the sensitivity of the algorithm (designed for leak at the 
upstream end of 12 channel string). It shows that the AGS is capable of annunciating leaks smaller than -3.5 g/hr 
in a 4 channel string or within four channels of the exit of longer strings. 

The predicted peak is lower and occurs 7 minutes sooner compared to the test. 
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Figure 7 Test 6 Rate of Rise Measurements Compared with Predictions 
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6. Prediction Method 

A computer model was used for predicting the dew point response in the AGS. This model simulates the transport 
of moisture h m  the leaking channel through the string of annuli containing the leaking channel. The channel 
annuli are divided into small volumes (nodes) and humidity balance equations are written for them. The resulting 
set of linear simultaneous differential equations are solved to generate humidity and dew point variation with time. 
The moisture concentration at the hygrometers depends on the degree of mixing along the flow path. The time at 
which moisture emerges from the leaking string, the dew point reached and the step change in humidity depend on 
the number of nodes used in the simulation. The less the number of nodes ia the analysis, the more the mixing, 
the smaller the delay in moisture exiting the String and the smaller the step change in dew point over a given time 
interval. A larger number of nodes produces more of a "plug flow" moisture front. 

6.1 SENSITIVITY OF PREDICTIONS 

The parameter which introduces the most amount of uncertainty in the predictions is the number of nodes used in 
the model. The current 'rate of rise' algorithm is based on a two node model which simulates more mixing, 
shortens the delay and produces a lower rate of rise. The moisture mixing phenomenon during its transport in the 
AGS is not known exactly. 

Although a 10 node model provides better agreement with test results (Fig. S), the 2 node model rate of rise 
prediction is conservative with respect to setting the alarm setpoints. The 2 node model predicts a lower peak due 
to more mixing. However, the 10 node model predicts a higher peak and steeper slope and is in closer agreement 
with test data. 
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Figure 8 Test 4 Rate of Rise Predictions with 2 and 10 nodes 



7. IMPLICATIONS OF TESTS ON LEAK-BEFOREBREAK ASSESSMENTS 

The purpose of these tests was to veri@ the dew point response assumed in the LBB analysis. From dew point 
predictions and results of separate fuel channel pressurisatiodholdup tests (not reported here) the time at which the 
dew point VHI rate alarmed was deduced to be 3.5 hours. Using this.& the dew point response time and following 
the station operating procedures, it was demonstrated that LBB was assured for a postulated PT leak event. 

The current testing shows that the measured rate of rise is higher than that predicted with the dew point model, 
which is conservative from the operational safety point of view. Test 5, which is similar to the conditions used for 
the current Bruce A LBB assessment, shows peak rate of rise at - 2 hours. Hence the modelling assumption of 3.5 
hours for the VHI rate alarm is conservative. 

8. CONCLUSIONS 
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All hygrometers detected a rapid rate of increase of moisture at about the same time. 

The tests show that the AGS is capable of detecting and alarming the very small leaks (2-3.5 g5r) used in 
the current tests thus providing confidence that for a postulated PT leak with a growing crack (where the 
leak rate would be much higher) the AGS would detect the leak and alarm the operator. 

The dew point rate of rise algorithm, which is based on the longest string, operates as designed and is 
sensitive to small leak rates. This was demonstrated by the occurrence of a VHI alarm for the shortest 
string injection test. 

The measured rate of rise is higher than predicted, which is conservative for alarms, action limits and 
therefore LBB assessments. 

Testing demonstrates that the VHI alarm time assumed in the LBB assessments is conservative. The 
difference in predicted and measured HI & VHI rate times do not have any impact on demonstrating 
LBB. 

Predictions using different numbers of nodes shows that moisture is transported in the AGS in more of a 
"plug flow" manner rather than in a "mixed flow" regime. 

The dew point model predicts AGS response adequately for use in LBB assessments. Although better 
agreement between tests and predictions can be obtained with a larger number of nodes, the rate of rise 
algorithm based on 2 the node model is conservative and provides timely alarms for LBB analyses. 





ASPECTS OF LEAK DETECTION 

T C CBIVERS, Nuclear Electric plc; Berkeley Technology Centre, 
Berkeley, Glos; UK. 

ABSTRACT. A requirement of a Leak before Break safety case is that the leakage from the through 
wall crack be detected prior to any growth leading to unacceptable failure. This paper sets out to review 
some recent developments in this field. It does not set out to be a comprehensive guide to all of the 
methods available. The discussion concentrates on acoustic emission and how the techniques can be 
qualified and deployed on operational plant. 

1 INTRODUCTION 

An essential part of a Leak before Break (LbB) safety case is that a leaking through wall crack will 
develop, and be detected, prior to the defect reaching critical length and vessel failure. 

The magnitude of the leak will depend upon a number of factors including the geometry of the 
pressurised system, the upstream operating conditions, and the contained fluid. The time for detection 
is less simply defined as it will be influenced by a number of extrinsic variables (eg leakage of toxic 
fluids, acceptable temperature rises etc) as well as intrinsic ones (eg fatigue cycles, creep life etc.) Thus 
there can be no simple panacea to the selection of leak detection equipment, nor to the definition of 
detection time. Each case needs to be considered on its own individual merits, with solutions tailored 
to specific needs. Although for specific plant categories generalisations will be possible. Further, it is 
not adequate simply to determine that leakage is occurring. If expensive plant outages are to be avoided 
then the source needs to be located. For example, leakage from a valve gland is unlikely to threaten 
structural integrity, whereas a leak of the same magnitude from a cracked pipeline could be a significant 
threat. 

It is also considered that the definition of a leakage threshold for an acceptable LbB case is 
inappropriate. Limits should be set simply by confidence in the overall procedure and the strategy for 
its deployment. This requires that a structural analysis of the plant is undertaken to assess relevant stress 
levels. Knowledge of defects, or postulated defects will be needed. From this likely leak sources and 
sizes can be defined for use in leak rate calculations, and the selection of leak detection equipment. 

On the basis of the above, this paper will discuss detection systems that have some capability to detect, 
locate and quantify leakage. It will not attempt to be a wide ranging review of instrumentation, but will 
concentrate on recent developments and experience within the authors company. The discussion will 
concentrate on the use of Acoustic Emission (AE) for detection purposes. It will also discuss "Global" 
and "Local" systems. the former description will relate to systems covering a large section of plant, 
whereas local is used to describe a system targeted at, say, a specific weld. 



2 ACOUSTIC EMISSION 

Fluid escaping from a through wall defect will generate two sources of acoustic noise. One is airborne, 
and is common in most peoples experience as some level of noise (whistling) is usually audible. 
Structure AE is also generated in the form of surface waves, and this is only detectable using 
instrumentation. For both emissions there is a wide frequency spectrum, and to limit confusion when 
interrogating signals it is usual to look at a narrow band of frequencies. For example the microphones 
used in leak detection normally respond around the 40 KElz level; whereas the transducers used in 
structure borne AE respond at around the 200 KHz level. The signal level generated will attenuate with 
distance fiom the source, and will also need to be discriminated from background noise levels from 
different origins. 

Whilst the physics of acoustics is well developed its deployment on leak detection is not well 
understood and correlations between leak rates and signal levels are empirical. Whilst several attempts 
have been made to rationalise the understanding in terms of general relationships, a fully predictive 
capability does not currently exist. This is particularly the case for air borne emissions. 

2.1 GLOBAL LEAK DETECTION 

Here global is used to indicate that a single system is used to obtain information on an entire, or a large 
section of, plant. 

2.1.1 Structure Borne AE 

With this system a series of transducers are deployed at known intervals. When leakage arises the 
various signals generated by the transducers can be interrogated to give information on location and 
magnitude of the leak. The location capability arises because of the signal attenuation with distance, and 
it is this facet that also dictates the number of sensors that need to be deployed. It is not intended that 
this paper includes a full description of the technology and the interrogation techniques. For a 
reasonably comprehensive description the interested reader is referred to Reference 1. The leak rate 
assessment needs to come from either the users own data base, or if a commercial system is in use then 
that should be supported by the appropriate information. 

The transducers may be mounted directly on to the surface of the pressurised system. However, 
temperature limitations may decree that wave guides be used. Wave guides are simply cylindrical wires 
welded onto, or screwed into, the structure which have a cone - cylinder transition at the end on which 
to mount the sensor. These wave guides will further attenuate the signal, and this needs to be taken into 
consideration in designing the system. 

Signal analysis needs to be computerised, and commercihl systems exist that can handle over thirty 
measuring points. Complications exist in that the pressurised fluid, and other sources, may well generate 
extraneous noise (background). This is particularly true in pipelines, and this background noise will 
itself be a variable; depending, for example, on the power level in a reactor. Thus the user needs to 
understand the behaviour of background noise not only to ensure the correct setting of alarm levels, but 
also to determine the actual signal associated with the leak. The background levels can only be 
determined from plant specific measurements. It may mean that alarm levels, and hence detection 
capabilities, will vary with plant operation. For some operating regimes it may not be possible to rely 
on such a system. Never-the-less, systems can be designed with confidence and with high reliability. 
Attenuation data is available for pipeline materials and also for waveguides. This enables the signal 
information to be interrogated to determine the source of the signal and the strength at source. This 
source strength then needs to be translated into a leakage rate, and this is more problematical. Various 
correlations exist, usually of the form (eg Reference 2): 
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RMS(db) = M.log(P.QJ + b 

Here P is the fluid pressure and Q, the mass flow rate and the product is dimensional. Thus whilst the 
form of such correlations may be general the constants, M and b, will be fluid specific and may depend 
on other factors, such as geometry of the flow path. Recent experiments have looked at flow through 
a wide range of cracks, and using a number of different gases. In this instance good correlation was 
obtained using the log of the product of pressure ratio and flow area, figure 1. Again the controlling 
parameter is dimensional, and care must be taken in the general use of this data. 
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FIGURE 1. Summary of structure borne AE data for six "crack types and four gases and steam. 

2.1.2 Installed Air Borne AE Systems 

The basic technology in terms of data logging, analysis and interrogation can be as for the structure 
borne system, but now the transducer is a microphone with a narrow band frequency response. As 
before background levels have to be determined before alarm levels can be set, and detectable leakage 
rates determined. 

Air borne AE detection systems are, however, more susceptible to spurious signals than those for 
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structure borne AE. Thus an alarm indication needs to be investigated prior to taking any action if 
expensive outages are to be avoided. For example, valves that have failed to close completely, have 
generated spurious signals, as also have leaking airlines, vacuum cleaners etc. There is also the 
possibility that one leak may mask others, although this possibility should be avoided by adequate 
deployment of microphones. Indeed one of the major advantages of air borne systems is that they can 
be deployed or extended whilst plant is on load. Plant experience has shown that detection levels are 
at about the 10 gramslsec level, subject to the various caveats discussed above. 

In addition to the other caveats discussed the role of lagging needs to be considered. The available 
evidence on leaks arising on steam plant (eg. Reference 3), suggests that in general they arise at 
geometric discontinuities, such as pipe - elbow intersections. Such features will also coincide with 
discontinuities in lagging. Should leakage occur at such a feature, then lagging is not expected to inhibit 
detection using air borne AE, although detection times may be extended. If critical welds are in long 
straight pipe runs, then lagging junctions and welds may not coincide. Operators then need to be assured 
that leakage can result in sufficient degradation of the insulation to limit attenuation to tolerable levels. 
Limited evidence, for a specific insulation design, suggests detection levels are increased from some 
10 gramsisec to some 40 gramslsec, with transmission through the outer steel cladding. These limits 
will be very dependant upon specific design details, and a data base will need to be established. 

The quoted detection levels correspond to distances of some 7 metres between source and microphone. 
Signal attenuation will result in lower detection levels as distances increase, as also will high levels of 
background noise. Usually microphones tuned to 40 KHz are used, but in some plant areas noise at this 
frequency is high. Microphones tuned to 200 KHz are being investigated for such areas. Whilst the 
signal levels will be lower and the attenuation rate higher a! this frequency, the background noise levels 
will be lower. 

It should be noted that airborne acoustic noise does not necessarily increase with increasing leakage 
from a defect. This means that general empirical correlations, such as depicted in Figure 1, are unlikely 
to emerge, and this will make accurate estimates of flow rates difficult. 

2.1.3 Manual Systems 

Hand held AE microphones can be used to augment manual surveys of plant areas. When used by a 
knowledgeable operator they can have similar sensitivities to installed microphones. General background 
levels need to be known, and action levels decided; this needs to be based on experience. Another use 
is in investigating alarm levels triggered by an installed system. Here the hand held device can be used 
to home in on the source of a signal and appropriate action decided. 

3 LOCAL DETECTION SYSTEMS 

Where calculated leak rates are relatively low, and/or timescales for detection short, or for other specific 
reasons, global detection systems may not be adequate. Under these circumstances local detection 
systems may offer an alternative. For the systems to be described here mechanical shrouds are 
constructed around the feature of interest, Figure 2. Any resultant leakage is then into this contained 
area, which can be lagged on the outside. Two systems have been used. In the first system, 
thermocouples are used and thus the system is restricted to plant operating at temperatures different 
from ambient The leaking fluid is piped away from the contained area to a volume at ambient 
temperature containing a thermocouple. This system requires the shroud to have a high degree of leak 
tightness. For steam leaks from pressurised systems at 550°C flowrates of less than 1 gram/sec can be 
detected in less than five minutes. Leak rates can be estimated from an analysis of the rate of change 
of temperature with time data, or temperature rise. 



4. 

FIGURE 2. Diagramatic representation of a shroud containment around a potential leak site. For 
use with either Airborne AE or Thermocouples. 

The second system relies on air borne AE as a microphone is installed in the cavity, or, if temperatures 
inhibit this, a air-tube wave guide is used to duct signals to a cooler area. Again detection levels of less 
than 1 gram/sec can be detected, but this will be influenced by background noise levels. Flow rates can 
be assessed from signal levels. In this instance it is not necessary for the shroud to be tightly sealed. 

For either method of detection it is easy to engineer in suitable alarm signals that are unambiguous. 

CLOSURE 

This paper has reviewed certain aspects of leak detection equipment, concentrating on Acoustic 
Emission systems. Based on both laboratory experiments and deployment on operating plant, it has 
shown that where necessary, sensitive monitoring equipment can be deployed to detect relatively small 
leak rates. It has also shown that global systems can be used effectively to detect, locate, and to some 
extent, quantify leakage. 
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SESSION 4: LBB ASSESSMENTS AND MARGINS 



MARGINS IN HIGH TEMPERATURE LEAK-BEFORE-BREAK ASSESSMENTS 

P J Budden* and D G Hooton** 
*Nuclear Electric plc **Am Technology 

SUMMARY 

Developments in the defect assessment procedure R6 to include high- 
temperature mechanisms in Leak-before-Break arguments are 
described. In particular, the effect of creep on the time available 
to detect a leak and on the crack opening area, and hence leak 
rate, is discussed. The competing influence of these two effects is 
emphasised by an example. The application to Leak-before-Break of 
the time-dependent failure assessment diagram approach for high 
temperature defect assessment is then outlined. The approach is 
shown to be of use in assessing the erosion of margins by creep. 

INTRODUCTION 

Leak-before-Break (LbB) arguments are used to demonstrate that a 
defect in a pressurised component results in a detectable leak 
prior to disruptive failure. Appendix 9 of the Nuclear Electric 
defect assessment procedure R6 (Ref . 1) contains advice on 
performing LbB assessments. The appendix is being revised, and 
further details are given in Reference 2. The effect of creep on 
LbB arguments is included in the revised appendix, following 
principles outlined in Reference 3, using the methods of the high 
temperature assessment procedure R5 (Ref.4). This paper 
specifically addresses these high-temperature aspects of LbB and 
describes their treatment within R6. 

For components operating in the creep range, rupture due to 
continuum damage mechanisms and crack growth need to be considered 
both before and following defect breakthrough. Creep may both open 
a through-wall crack and extend it along the wall in general; these 
effects tend to increase the leak rate and hence enhance the 
possibility of detection. However the margin between crack length 
and the critical crack length under fault conditions reduces as the 
crack grows along the wall. Similarly creep rupture under operating 
loads may occur prior to the crack attaining the critical length. 
This degradation of margins is of particular relevance where plant 
is only intermittently monitored. A particular example of a 
pressurised pipe under global bending is used in this paper to 
illustrate these competing effects of creep on crack opening area 
and crack length. 



The calculations of creep crack growth required to both follow 
crack shape development through the pressure vessel wall and 
subsequent growth of the fully-penetrating defect involve explicit 
integration of crack growth rate equations expressed in terms of 
C*.  Recently, however, a simplified approach to assessments of 
rupture and limited amounts of crack growth under creep and creep- 
fatigue loading conditions has been developed (Refs.5-7) based on 
the R6 failure assessment diagram (FAD) . The failure assessment 
curve and the coordinates (I+, KJ on the R6 FAD are then functions 
of time and material creep properties. The approach removes the 
necessity to perform detailed crack growth calculations. The use of 
this time-dependent failure assessment diagram approach for LbB 
arguments is introduced in this paper. 

HIGH TEMPERATURE EFFECTS IN LbB 

Two levels of LbB argument can be made in general: (1) a full LbB 
case where flaw shape development is modelled as the crack grows 
through the wall until breakthrough; (2) a simplified 'detectable 
leakage' argument where an initial through-wall flaw is assumed to 
be present. R6 contains both these levels. 

A high-temperature leak-before-break case can be made if it is 
possible to demonstrate that each of the following hold: (i) the 
defect length at breakthrough,l,, is less than the limiting through- 
wall defect length, 1,; (ii) creep rupture of the section has not 
occurred prior to break-through; (iii) the through-wall defect 
leaks fluid at a rate which is detectable before the crack grows to 
the limiting length and before creep rupture of the section occurs. 

These principles can be expressed by the following four 
inequalities: 

'b < ' c  ( 1) 

where t(1) is the time for the crack to attain a through-wall 
length 1, t,(l) is the creep rupture time assuming a constant 
through-wall crack length 1, and Atd is the time to detect the leak. 
Atd depends on both the leak rate and the capabilities of the 
detection system. Creep affects Atd by increasing the crack opening 
area and hence leak rate in general; this is discussed later in 
the paper. For a postulated fully-penetrating flaw, t ( lb) =O , the 



start of high-temperature operation. In the case of a full LbB 
argument, t(lb) follows from calculating the creep crack growth at 
both the surface and deepest points of the initial surface flaw. At 
a certain crack depth, ligament instability occurs and the defect 
snaps through; lb is then the re-characterised defect length 
following instability. It should be noted that a LbB case cannot be 
made if the surface point is unstable first. 

Inequalities (1) and (3) are the same as appear in low-temperature 
LbB. They ensure that failure by fast fracture does not occur 
either prior to breakthrough or before the leak can be detected, 
respectively. The time t(1,) is however affected by creep crack 
growth as described below, and the fracture toughness used to 
evaluate 1, should reflect material which has experienced creep 
damage. Inequalities (2) and (4) stipulate that creep rupture has 
not occurred prior to breakthrough and that sufficient time is 
available to detect the leak before creep rupture occurs, 
respectively. If t (lc)ctm(lc) , then the remaining life of the 
component is limited by unstable crack growth prior to creep 
rupture. Conversely, if tm (1,) <t (1,) then creep rupture limits life. 

The estimates of rupture times in eqns. (2) and (4) depend on the 
crack length via the reference stress, CY&. It is however 
conservative to assume a constant through-wall crack length, 1; 
that is 

t,=t, (Q,,f (1) 1 ( 5 )  

as this ignores the prior history of crack growth and hence 
underestimates the time to creep rupture. Here, ~ ~ ( 1 )  is the limit 
load reference stress due to the primary loadings, P, and t, is the 
material uniaxial rupture curve. Then ~ ~ ( 1 )  is given by 

where PL is the corresponding rigid-plastic limit load for a defect 
of length 1 in a material of yield stress ay. It is conservative to 
use lower bound rupture data as these decrease the times to creep 
rupture and hence reduce margins. 

If a high-temperature LbB argument cannot be made due to failure of 
inequality (4) alone, or if insufficient margins exist, then it is 
possible to refine the estimate of rupture time and replace 
inequality (4) by: 

Here 1, and tm(l,) are the crack length and corresponding time at 
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rupture and are obtained by solving t,(l)=t(l) for 1=1, where t(1) 
is the time to reach crack length 1 (see Fig.1). Note from 
inequalities (2) and (4) that 1, then satisfies lb<l,<lc. 

t 

c 

Time 

Figure 1. Schematic of calculation of 1, and tco(l,) 

Creer, crack arowth calculation 

In general, creep crack growth rates, a, obtained from specimen 
tests are correlated with C* by an equation of the form 

a (C*) =DC*= ( 8 )  

(Ref.4) where I) and q depend on material. For assessments, 
estimates of C* at the surface and deepest points of an assumed 
surface flaw can be derived from reference stress methods (Ref.4) 
using creep data for the defective section. Integration of eqn.(8) 
then enables growth of the defect to be calculated as it grows 
through and along the wall. Follotring breakthrough, or for a 
postulated initial through-wall crack, eqn. (8) determines the 
variation of through-wall crack length, 1, by integration at both 
crack tips. 

CREEP EFFECTS ON MARGINS 

Margins in high-temperature LbB can be defined in respect of crack 
size or the time to detect the leak. Margins are not specified 
within the R6 procedure but are left to the user to argue on a 
case-by-case basis. A margin on time in particular may be defined 
by comparing the detection time for the leak with the available 
time, the lower of t,-t(lb) and t(lc) -t(lb), where t, is the rupture 
time. 
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Figure 2. Leak rate against crack length for various bending 
moments, M at operating pressure. Creep neglected. The 
limiting crack size at fault pressure is also indicated. 

To illustrate these points, consider the example of a plain pipe of 
mean radius &=142 . 36mm, wall thickness t=37 . 24- (RJt=3 . 82) under 
internal pressure P and subject to a global bending moment M. A 
fully-penetrating part-circumferential crack of length 1 at the 
mid-wall is located at the position of maximum bending stress 
around the pipe circumference. The operating and fault pressures 
are 9.7MPa and 13.9MPa respectively. It is assumed that a steam 
leakage rate of 4Ogs-' can be quickly and reliably detected. 
Calculated flow rates depend on the crack length, crack opening 
area (COA) , fluid properties and the characteristics of the flow 
path. Figure 2 shows calculated leakage rates as a function of 
crack length at operating pressure for various bending moments, for 
particular assumptions on the flow. The effects of creep on the COA 
have been ignored at this stage, but are considered later. The 
details of the calculations are not covered here. The limiting 
crack size at each bending moment, based on initiation of crack 
extension at fault conditions, is also shown in Figure 2. From the 
figure, it can be seen that bending moments less than about 125kNm 
correspond to limiting crack lengths in excess of the crack size 
corresponding to a detectable leak. The calculated margin on crack 
size at detection then reduces to zero as the bending moment rises 
to 125kNm. At a moment of SOkNm, for example, the margin on crack 
size is simply given by AB in Fig.2, assuming immediate leak 
detection. 
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Figure 3. Leak rate against crack length for various 
bending moments, M. Schematic of the effect of creep. 

The effect of creep can be explained from Figs.2 and 3. At a fixed 
crack length and loading, the effective COA increases and hence the 
leak rate tends to increase. This tends to move each leak-rate 
curve in Fig.2 upwards, so that, at the detectable leakage rate, 
point A moves to A', say, in Fig.3. The margin on crack size has 
increased to A'B. Let the COA be denoted A and the creep and 
elastic components of A by A, and A, respectively. Then the rate of 
change of A, can be readily estimated (Ref.1) from 

where E is Young's modulus, and &,(oRf, E,) is the creep strain rate 
at reference stress od and accumulated creep strain E,. For a 
steady-state creep law I,=Ban, where B and n are constants, eqn.(9) 
can be re-written using the reference stress formulation of C* as 

(10) A,=- A, 
%ed 



where the redistribution time t,=K2/EC* with K the stress intensity 
factor. (At time t,, E , = Q ~ / E  at stress orcf.) Then from eqn.(lO) it 
follows, for small amounts of crack growth, that 

t A =A, (1 + -1 
%ed 

Hence, for tCCtrcd, A=& and, for t>>t,, A=&t/t,=A, as expected. 

Creep crack growth under constant load causes point A to move to 
A", say, on Fig.3 in a certain time. This also increases the flow 
rate, and hence increases the likelihood of detection, but acts to 
reduce the crack size margin relative to the critical length, to 
ArtBr say. The time available for detection is then given, from 
inequality (3) , by At,=t (1,) -t ( lb) . It is necessary also to monitor 
creep rupture damage accumulation so that inequalities (2) or (4) 
are not violated. For small amounts oe crack growth, where C* 
varies little, it follows from eqn.(8) that the increase in crack 
length, Al, is approximately 2DC*qt in time t. 

The net effect of the increases in COA and crack size on margins is 
not evident, a priori; this is determined by the flow calculations. 
For this reason, it is suggested that best-estimate creep crack 
growth and deformation data should be used in an initial LbB 
assessment; other combinations of data may be used as part of a 
sensitivity study. It is however conservative to ignore the 
increase in COA as the predicted leak rate is then minimised and 
subsequent margins on detection time reduced. 

THE TIME-DEPENDENT FAILURE ASSESSMENT DIAGRAM AND LbB 

Recently, the R6 FAD approach has been extended to address high 
temperature defect assessment (Refs.5-7). The method uses time- 
dependent FADS to demonstrate whether or not a specified amount of 
crack growth is exceeded, or creep rupture of the section occurs, 
within a given time period. In contrast to the methods referred to 
above, the amount of crack growth is limited by the consideration 
that crack growth must be small relative to the initial crack size 
and the section width. However for LbB applications, the method 
provides a simple procedure to demonstrate whether or not 
significant creep-fatigue crack growth of the crack size for 
detectable leakage, or creep rupture of the section containing the 
crack, is likely over the time required for leakage detection under 
normal loading conditions. It is of course necessaryto demonstrate 
that there is sufficient margin between the leakage crack size and 
the critical crack size under maximum overload conditions. 

For time-dependent assessments, the FAD is defined in terms of 
isochronous stress-strain data, E = E  (o;t) , using the R6 Option 2 
curve: 
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where € 2 ~  (od;t) . The cut-off is defined as the ratio of the 
rupture stress to the 0.2% proof stress, aOa2, both determined from 
the isochronous stress-strain curve at the assessment time. 

The assessment point (&,&) is defined by &=a,/a,, and &=IC/&, 
where, for constant creep loading, L is the material creep 
toughness, Le. Le may be derived either from data presented in 
the form of eqn.(8) or directly from experimental displacement 
measurements (Ref .7) . kc is a reducing function of time and is 
also a function of tolerable crack extension, Al. If additional to 
creep crack growth, fatigue crack growth occurs, then Le is 
reduced to a modified toughness given by 

I 

where Al=Alc+Alf. If the assessment point (I+,&) lies within the FAD, 
then significant crack growth and creep rupture, within the 
assessment time, are avoided. Thus there is no erosion of the 
margin between the leakage crack size and the critical crack size, 
and LbB is demonstrated. 

Limiting time for 

Figure 4. Schematic of calculation of limiting time for 
insignificant creep 

The method also enables a simple approach to be adopted when 
considering margins in terms of time. .The limiting time for 
tolerable crack growth or non-rupture, for a given crack size and 
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normal loading condition, may be determined from the intersection 
of the time locus of the assessment point (q,&) with the FAD at 
equal times (Fig.4). In practice, it is found that the dependence 
on time of the FAD is not large and FADs at longer times provide 
conservative FADs at shorter times. Thus to simplify assessments, 
only the FAD at the longest time needs to be used to determine the 
limiting time for insignificant crack growth as a function of crack 
length. Then only movement of the assessment point due to 
reduction in both crO1 and with time needs to be considered. 

From the relationship between crack length and limiting time, a 
time & may be determined corresponding to the length 1, which gives 
the required margin between the leakage crack length (now 1,) and 
the critical crack length, l,, under maximum overload conditions. 
Thus within the time period t, there will be no significant 
reduction in the margin between 1, and l,, and no weakening of an 
LbB argument based on a simplified 'detectable leakage' procedure. 

Consider leakage of an isothermal or polytropic gas. The mass flow 
rate, Q, may be estimated (Ref.1) by 

Q=C, (Pp)  l12A 

where C, is a discharge coefficient, P and p are the pressure and 
density of the fluid, and A is given by eqn. (11) , where A, under 
membrane loading, a,, is given by 

with C-a dimensionless elastic compliance factor. Now if detection 
is dependent on a specified mass, then the time at leakage 
detection under normal loading conditions, tar can be evaluated as 
a function of crack length from eqns. (14-15) . In particular, the 
value of td, corresponding to length l,, may be determined. The 
margin between the time for the initiation of significant crack 
growth, which would erode the margin between the leakage and 
critical crack size, and the time for leakage detection is then 
simply tm-td. If this margin is insufficient for a robust LbB 
argument, then margins may be demonstrated using the more detailed 
procedures based on crack growth. 

CONCLUSIONS 

Developments in the defect assessment procedure R6 to include high- 
temperature mechanisms in Leak-before-Break arguments have been 
described. The effect of creep on the time available to detect a 
leak and on the crack opening area, and hence leak rate, has been 
discussed. The competing influence of creep on these two effects 
has been emphasised. 
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The application to Leak-before-Break of the time-dependent failure 
assessment diagram approach to high-temperature crack growth has 
been described and shown to be of use in assessing the erosion of 
margins by creep. 

The authors thank Mr P J Bouchard and Mr C J Gardner for supplying 
the data for Figures 2 and 3. This paper is published by permission 
of 
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UNCERTAINTY ANALYSIS FOR PROBABILISTIC PIPE FRACTURE EVALUATIONS 
IN LBB APPLICATIONS 

S. Rahman (University of.Iowa) 
N. Ghadiali and G. WilkowsIu (BattelIe) 

ABSTRACT 
Durin the NRC's Short Cracks in Piping and Pi ing Welds Pro am at Battelle, a probabilistic methodology 

detection. %ter, in the IPIRG-2 rogram, several parameters that may affect leak-beforegreak and other pipe 
flaw evaluations were identified. $Ius paper presents new results from several uncertainty analyses to evaluate 
the effects of normal operating stresses, normal plus safe-shutdown earthquake stresses, off-centered cracks, 
restr&t of ressuye-induced bending, and dynamic p d  clic loadm rates on the conditional failure probability 
of pipes. tumencal exam les are resented showmg x e  effects o! the above parameters for several nuclear 
ipmg systems in BWR ancf P F .  !or each ammeter, the sensitivity to condiQonal probability of failure and 

Eence, its importance on probabilistic leak-begre-break evaluations were de temed.  

was (B evelo ed to conduct fracture evaluations o!circumferenti alY y cracked pipes for ap lication to leakrate 

INTRODUCTION 
During the NRC's Short Cracks in Pi ing and Piping Welds Program (Ref. 1) at Battelle, a probabilistic 
methodolo was developed to conduct R acture evaluations of circumferentially cracked pi es for application to 
leak-rate gection (Ref. 2). The methodolo involved accurate deterministic models for &e estimatlon of leak 
rates, area of crack-opening, and maximum%ad in capacity of i p s  and +mdard methods of structural 

However, during the 
International Pi ing Inte 'ty-Research Group (IPIRG-2) P r o m  (Ref. 9 ), Of several pipes. parameters that may affect 
reliability theory for the evaluation of c o n d i t x  &ure probabzi 

leak-before-bre& and o& pipe flaw evaluations have been identified. To make a more rational assessment of 
the importance of these arameters, several uncertainty analyses were conducted to determine their significance 
on the probabilistic leakgefore-break (LBB) and pipe fracture evaluations. 

This paper presents new results from a robabilistic stud that accounts for the effects of the following 
parameters on the conditional failure robagility of pipes. '&e involved: (1) magnitude of normal operating 
stresses, (2) increased normal plus sal!-shutdown earthquake (d+SSE) stresses addressing proposed changes to 
the ASME Section III design stresses, (3) off-centered leaking-cracks, (5 restraint of pressure-lpduced bending, 

the above parameters for several nuclear pipmg systems in Boiling &ater Reactors (BWR) and Pressurized 
Water Reactors (PWR). Pipe sizes, ranging ~fl n o m a l  diameters from 457.2 mm (18 inches) to 812.8 mm (32 
inches), aqd two ipe mate@s, includin .yrou t stainless steel and carbon steel, and their respective welds, 

conditional probability of failure and hence, its importance for LBB evaluations was determined. 

and (6) dynamic and cyclic load effects on toughness. Numencal exam 1 es are presented showrng the effects of 

were considered &r deterrrrrmng the con s2 itio probability of failure. For each parameter, the sensitivity to 

THE PROBABILISTIC LBB ANALYSIS 
The application of the LBB methodology requires (1) knowled e of the pipe loads durin various operating 
conditions of power plants, (2) details of geometry and materiaf properties of the ipe, (35 knowledge of the 
anticipated cracking mechanisms and the resulting crack morpho10 variables forPeak-rate analyses, and (4) 
methods for thermal-hydraulic and fracture mechanics anal ses o& flawed pipe. Some of these items are 
sub'ect to inherent statistical variability. Therefore, a rationdtreatment of the~p~uncertainties and an assessment 
of &eir impact on system performance should be based on theories of probability and structural reliability. 
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During the NRC’s Short Cracks in Piping apd Piping Welds Po ram, a probabilistic LBB methodolo 
developed (Ref. 2) based on the general 

an LBB analysis. They are describe$ below. 

Probabilistic Characteristics of a Leakape Size Flaw 

Consider a circumferential through-wallcracked (TWC) pipe shown in Figure 1 with mean radius, k, wall 
thickness, t, and crack length, 2a. The pi e is subjected to combined bendm and teqion stress5 under normal 
dllowin iterative calculations between thermal-hydraulic aqd fracture-mechanics yal ses, 2a can be easily 

Due to statistical variablli arameters, the flaw size will also be a random variable. 
Hence, to conduct a proba!&listic analysis, the prob%&ty distribution of this crack size needs to be s ecified as 
well. In this study, a Monte Carlo method was us+ to determine the prpbabilistic characteristics o!a leakage 
size flaw. A three-phase approach was adopted. It mvolved: (1) generation of mdependent sam les of random 
crack-morphology parameters according to their probability djstribution, (2) .iterative thermdhydraulic and 
fracture-mechmcs analyses to determine LBB detectable flaw sues correspondmg to each sample set of crack- 
morphology parameters and .to. simulate such samples of flaw size b erformin repeated deterministic 

Structural Reliabilitv Analvsis 

Let M denote the  maxim^ moment-carryin ca acity of the pipe.(see Figure 1) with- the constant a plied 
tension? (due to constapt mternal ressure, 3. k,  can be obtmed from the solution of two no$mear 
equations based on J - t m g  theory &ef. 2). In a genenc implicit form, the solution of M, can be represented 

was 
idelmes. proposed m Weference 4. The steps of the probglistic 

evaluation are yery similar to theste s of ti? e d e t e w s t i c  LBB methodology. There are two important steps to 

o erahng conditions. The crack length, s a, is defined as the LBB detectab 5 e flaw slze for a given leak rate. 

calculatef when the leak rate, pipe geomeuy, matenal properties, and normal operatmg 7 oads are specified. 

of the crack morpho10 

analyses, and (3) standard statxstrcal analyses of replicated samples of LBJd!tectable ii aw sue. 

bY 

where uy is yield stress, a, is ultimate stress, F and n are the parameters of a Ramberg-Os ood model for the 

fracpe stabllity of the leakage size flaw 111 a pipe .can be evaluated b compamg the maxlm.um loa -carrying 
capayty of the pipe (see EJuatmn 1 ) with the applied load from N+&E stresses. Mathematically, the frulure 
cntenon can be represent by 

stress-strain curve, J,, C, and m are arameters of a power-law model for J-R curve, an f f is a function of 

8. The 
various inpu! .variabrks (only the. ran 2 om-arguqents are shown in the functional dependence of M 

where MN+ E is the ap lied bendm moment due to normal plus safe-shutdown earthquake stresses. M +SSE can 
be estimate8 from the Lowled e 05 actual N+SSE stresses in nuclear power plants or from-the ASME service 
levels B C, or D stress limits iefined in Reference 5. This failure condition can be convemently expressed m 
the tradihonal form: g o  < 0, where the performance function, 

in which X = {cry, u,, F n J,,, C, m, 2a, M N + s E )  is an augmented vector of input random arameters 
characterizing uncertainty ih d l  load and system arameters. Note that the perfo-ce fupction, g&, itself is 
random, because it depends on the input vector, 5, which is random. The.reliabd3, Ps, is the complement of 
the conditional Drobabilitv of failure, P, (CPOF), i.e., Ps = 1 - PF. P, is defin as the probability that the 
failure event represented by g(X) < 0, i.e., 

where f (x) is the joint probability densi function of the random vector, X, which is assumed to be known. 
When $follows a normal or lognormal Xstribution, f,(x) can be obtain+ @om the marginal density function 
for each component of X and their correlation characteristics. The dntnbutxon arameters don with the 

Reference 2 for further detads on the procurement of data and ther stamtical charactemtion. 
correlation properties of X. were determined from standard stafistic4 analyses o F txpr+mental 8 ata. See 



(a) pipe cross-section @) pipe under combined bending and tension load 

Figure 1 Schematic representation of a pipe with a circumferential througbwall crack 
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Figure 5 CPOF of PWR-2 for various pipe stresses 



In genmd,. the multi-dimensional inte ral in Equation 4 cannot be determined analytically. As an alternative, 
numencal mtegration can be performd; however, it becomes impractical and the computational effort becomes 
prohibitive when the dimension of X becomes greater than two and, in this case, one may have a maximum of 
nine dimensions according to Equation 3. 

Several approximate methods exist for erforming the multidimensional probabiiity integration in Equation 4. 
Among them, First- and Second-Order geliability Methods (FORMEORM), Importance Sam lin Directional 
Simulation, Monte Carlo Simulation, and others can be ap lied. to estimate P, in Equa&on 1. @or detals of 
these methods, see Reference 2 and other references cited %erem. In th~s stud , SO (Ref. 6) was used to 

calculate the failure robability of pi es with much less computational effort than that required b the Monte 

Note that P is defined here as a conditional Drobabilitv of failure. The princi al conditions are that (1). the-pipe 
w i t h  an LBB d electable flaw size and (2) an earthquake occurs w d  N+SSE stresses, resultmg in an 
applied bending moment equal to MN+SSE, also dunng leakage. 

The Computer Codes PSOUIRT and PROLBB 

PSQUIRT is a com uter code that was develo ed durin the Short Cracks in Pipin and Piping Welds Pro ram 

simul$ion. PS&.JIRT, which stands for Probabilistic Seepage Quantification of Upsets in Reactor Tubes, is a 
comblpation of three mdependent programs for conductin pre-processing of m ut, thermal-hydraulic and 
fracture-mechanics analyses, and post-processing of output. %or further detads, seeseferences 2 and 7. 
PROLBB, which is an acron m for PRObabilistic Leak-Before-Break? was also developed during the Short 
Cracks in Piping and Piping &elds Program to evaluate failure probabili of flawed nuclear piping sub'ected to 

method (Ref. 2). The fracture-mechanics equations for this metgod, used to calculate the J-inte ral and its 

based on (1) First-&der weliabili Method, (2) Second-Order Reliabiiity M&od, (3) Importance Samplmg, 

PIPING SYSTEMS FOR PROBABILISTIC LBB EVALUATIONS 

The robabilistic model developed in Reference 2 was applied to various nuclear pi ing systems in BWR and 
P d  for calculating the conditional robability of failye. Pipe sizes were selecte%w@ large, inre-rmediate, 
and small diameters typically used. fwo pi es of each slze were considered with austemtic and femtic materi- 
als. The BWR piping systems included sife riser, main steam, recirculation branch, feedwater, bypass, and 
reactor water clean-up lmes. The PWR piping sys!ems include main coolant,. surge, feed-water, spray, and 
steam. generator blowdown lines. Several crackmg mechmsms, such as mtergranular stress corro-sion 
crackmg,. corrosion fatigue, and thermal fatigue, were also considered. Crack location was defined in both a 
determhstic sense (either base metal or weld metal) and a probabilistic sense (random location). Table 1 shows 
the throu -wal!-cracked BWR and P v - p i p i n g  systems which were originally considered in Reference 2. 

com ute the Probability failure. In Reference-2, the robability estimates by S d RM were validated a a m t  the 
res& of Monte Carlo and Importance Samplmg an af yses. It was also found m that reference that S8RM can 

Carlo method. See Ip eference 2 for h e r  details on the accuracy and computational efficiency o?SORM. 

to estimate the roiability density function of* LBB %electable flaw size, It is Eased on direct Monte 8 arlo 

combined stresses due to tension and bending. The deterministic art o 7 PROLBB is based on the LB b .ENG2 

applications for com utin maximum loads, were defined in ReferenFe 2: The robabilistic part of B ROLBB is 

and (4) Monte Carlo Simulation. 8 urther details of PROLBB code can be obtamed from Reference 2. 

Some of 8 ese pipes were used for probabilistic pipe fracture evaluations m the present study. 

PROBABILISTIC SENSITMTY ANhYSES 

A two-step procedure developed in Reference 2 was used for conducting the sensitivity analyses. First, for a 
given pipe with known material pro erties, loads, leak rate, and crack-morpho10 parameters, the mean and 
standard deviation of a leakage slze i a w  were calculated. In Reference 2, it wasyound that the flaw size with 
these distribution parameters would follow lognormal probability fairly well. Second, with the calculated flaw 
size and known material pro erties, the conditional probability of failure was calculated. The computer codes, 
PS UIRT and PROLBB an8 their res ective derivatives developed for various required modifications, were 

The results of sensitivity anal ses for each of the parameters considered in this study are given in the next few 
subsections. In dete-g thre conditional probability of failure, individual sets of calculations were develpped 
for a crack located either in the base metal or m the weld metal. A weighted avera e of these probabilities, 
based on the actual likelihood of cracks found in service, was developed to determine P e  conditional probability 
of failure for a randomly located crack (Ref. 2). Due to space limitations, only the results of conditional failure 
probabdity calculations with random crack locations are presented in this paper (except Figure 15). 

use s to calculate the flaw size and consitional failure probability, respectively. 



Table 1 BWR and PWR piping systems for probabilistic fracture evaluations 

Nominal ThiCkneSS, Assumed(b) 
Piping Diameter, mm Base Weldc') Cracking 

Cases System mm (inches) (inches) Metal Metal Mechanism 
(a) Through-wall-cracked BWR Piping Systems 

BWR-1 Side Riser 711.2 (28) 35.8 (1.41) TP304 SS Flux IGSCC 
BWR-2 Mainsteam 711.2 (28) 35.8 (1.41) A516 CS Flux Corrosion 

Gr70 Fatigue 
BWR-3 Recirculation 457.2 (18) 23.9 (0.94) TP304 SS Flux IGSCC 

BWR-4 Feedwater 457.2 (18) 39.4 (1.55) A106B CS Flux Corrosion 
Fatigue 

BWR-5 BypassLme 101.6 (4) 8.51 (0.34) TP304 SS Flux IGSCC 
BWR-6 Reactor Water 101.6 (4) 8.51 (0.34) A106B CS Flux Corrosion 

Clean-up Fatigue 

PWR-1 Main Coolant 812.8 (32) 76.2 (3.00) CF8M SS Flux Thermal 
Fatigue 

PWR-2 Main Coolant 812.8 (32) 76.2 (3.00) A516 CS Flux Corrosion 
Gr70 Fatigue 

PWR-3 Surge Line 355.6 (14) 35.8 (1.41) CF8M SS Flux Thermal 
Fatigue 

PWR-4 Feedwater 355.6 (14) 35.8 (1.41) A106B CS Flux Corrosion 
Fatigue 

PWR-5 Spray Line 101.6 (4) 13.5 (0.53) TP304 SS Flux IGSCC 
PWR-6 Steam Generator 101.6 (4) 13.5 (0.53) A106B CS Flux Corrosion 

Blowdown Line Fatigue 

Branch Line 

(b) Through-wall-cracked PWR Piping Systems 

(a) SS = stainless steel; CS = carbon steel; Flux = submerged arc weld (SAW) or 
shielded metal arc weld (SMAW) 

(b) IGSCC = intergranular stress-corrosion cracking 

Normal Operating Stresses 

For piping systems to be evaluated, the normal operating stresses (ad are needed to determine the crack size for 
a given leak rate. However, the actual normal operatmg stresses q d  their probabilities of OF* for all 
lants in the U.S. are difficult to quantify. To simpli this effort, it was assumed that the l m t s  of ASME 

gection I11 Code stress level can be applied, even thou actual stresses might. be lower. Hence, several stress 

1 pipin the Service Level A h u t  is 1.5Sm, where S, is the material design stress mtensity from ASME 
Sectiongin[, Appendix I (Ref. 5). The stresses were assumed to be deterministic. 

Table 2 shows the calculated mean values of the leaka e size flaws for pipes BWR-1, BWR-2, PWR-1, and 
PWR-2 usin the PSQUIRT code. The were developefi for various combmations of normal o eqting stresses 
and detectabfe leak rates. The results 80x11 Table 2 suggests that for a wen leak rate the cm! slze m v e s  
ve ra idly with the reQuctjon of normal operating. stresses. This can fave a significant effect on the farlure 
przabxity of pipes and is discussed m the next secuon. 

Normal Plus Safe-Shutdown Earthquake Stresses 

One of the most difficult aspects of this analysis was the selection of normal plus safe-shutdown earthquake 
stresses arr+=d for a plication to a large numbers of iping systems and plant locations in the U.S. It was 
limits frFm the Service Levels B, C, and D were used in this stui  . According to the ASME Section 111 code, 
the Service Levels B, C, and D are defined as the lower values 0 1 1 . 8 s ~  and 1.5SY, 2.253, and 1.8SY, and 3S, 
and 2Sy, respectively. The stresses under N-tSSE condition were also assumed to be deterministic. 

Fi res 2 through 5 show the plots of the conditional failure probability of pipes BWR-1, BWR-2, PWR-1, and 
P&-2 as a function of leak rate for various combinations of normal operating and N+SSE stresses. The 
results indicate. that the failure probabiljty increases when-either the no+ o !rating stress decreases or the 
N+SSE stress mcreases. However, the mcrement of conditional probabrlity of Lure is much higher due to the 

values equal to 25,.50, and 100 e r p t  of the ASME P ervice Level A stress l m t  (asLA) were ped. For Class 

beyond 6 e scope of t i s  effort to analyze all plants anfpipmg s stems. Instead, the ASME Section 111 stress 



Table2 Mean crack length for various leak rates and normal operating stresses for a 
symmetrically centered crack with Unrestrained pressureinduced bending 

Mean Crack Lenrrth. m -~ 
BWR-1 BWR-2 PWR-1 PWR-2 Leak Rate 

Ymin kum) 
(a) @N/u&A = 0.25 

0.379 (0.1) 0.2232 0.1362 0.2306 0.1339 
3.79 (1) 0.4408 0.2645 0.4078 0.2581 
37.9 (10) 0.6843 0.4685 0.6479 0.4753 
379 (loo) 0.7651 0.7359 0.8849 0.7142 

0.379 (0.1) 0.0740 0.0562 0.0518 0.0454 

37.9 (10) 0.3210 0.2715 0.2520 0.2304 
379 (loo) 0.4520 0.5333 0.4729 0.4553 

0.379 (0.1) 0.0195 0.0276 0.0188 0.0219 
3.79 (1) 0.0459 0.0647 0.0436 0.0516 
37.9 (10) 0.1010 0.1462 0.0988 0.1177 

(b) @N/a&A = 0.50 

3.79 (1) 0.1790 0.1305 0.1158 0.1020 

(c) aN/u&A = 1.0 

379 (loo) 0.1300 0.3090 i 0.2225 0.2640 

reduction of normal operating stresses. Hence, any uncertainty in the normal operating stresses will have relatively 
larger effects on the failure probability than that in the N+SSE stresses. 

Off-Center Cracks 

In conducting both leak-rate and flaw stability analyses, a postulated through-wall-crack size (leakage flaw) is 
often calculated based on its symmetric placement with respect to the bending plane of the ipe. This is usually 
'ustified with @e ;easoping that-the teqsrle stress due to bending is largest at the center of &s s mmetric crack. 
however, fabncation mperfections wlll o m  randomly around the pipe cu+erence, Adc&ionally, during 
the normal operatin condition of a plant, the stress component due to pressure is more sigillficant than that due 
to bending. As sud ,  the postulated leakage flaw may be off-centered and can thus be located anywhere around 
the pipe cucumference. 

In the past, the authors performed an anal 'cal study to investigate the crack-o ening characteristics of a pipe 

analyses to predict the crack-opening area for an off-centered crack. The results from that study showed that 
the crackspenin area for a pipe with an off-centered crack can be deterrmned by normal anal sis procedures 
for a symmetricafiy centered crack b .'esplving the a plied moment to. the effective moment at. d e  center of fhe 

since for leak-rate calculations, accuracy in %e prediction of crack-opentng area is more significant than that of 
the entire crack-opening shape. 

with an off-centered crack (Refs. 8 and !P ). Methods were developed by bo t% finite element and estimation 

off-centered crack and assurmng an e Z liptical rofile &r the crack-openms shape. Thls was an important finding 

Table 3 shows the calculated mean values of leakage size flaw for BWR-1 and BWR-2 pipes for various !eak 
rates and normal operating stresses when the crack is off-centered. The comparisons of these mean flaw sizes 
with those calculated for symmetric cracks from Table 2 indicate that an off-centered crack can become much 
longer than asymmetricall centered crack for a given leak rate detection. Corr ndmgl , the resulfs of 
conditional fadure probagility calculations, shown in Figures 6 and 7 for B E - 1  a n 2  BWR-2 pipes, 
respective1 , suggest that an off-centered crack can lead to a h@er robability of failure for a given leak rate. 
Thls was c&monstrated for both the austemc (BWR-1) and ferntic &WR-2) pipes. 
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Table 3 Mean Crack Length for various leak rates and normal operating stresses for an off- 
center cracks or restrained pressureinduced bending 

Mean Crack Length, m 
Restrained Pressure- ~ .__._ _ _  -~ _ _ _ ~  

Off-Center Cracks Induced Bending 
BWR-1 BWR-2 BWR-1 

(a) ffN/ff&A = 0.25 
0.379 (0.1) 0.2573 0.1525 0.2248 
3.79 (1) 0.4865 0.2852 0.4577 
37.9 (10) 0.7063 0.4879 0.7261 
379 (loo) 0.7924 0.7499 0.8267 

0.379 (0.1) 0.0911 0.0824 0.0745 
3.79 (1) 0.2088 0.1730 0.1799 
37.9 (10) 0.3530 0.3278 0.3244 
379 (loo) 0.4570 0.5771 0.4707 

(b) ffN/ff&A = 0.50 

(c) ffN/ffsI,A = 1.0 
0.379 (0.1) 0.0265 0.0433 0.0195 
3.79 (1) 0.0620 0.0969 0.0461 
37.9 (10) 0.1288 0.2024 0.1037 
379 (loo) 0.1858 0.4353 0.1300 

Restraint of Pressurdnduced Bending 

Current structural analyses for TWC pipes subjected to axial tension loads (generally pressure induced) or 
combined bending and tension loads assume that the pipe is free to rotate. The restraint of the rotation 
increases the failure stresses (Refs. 1, 2, 3, and lo), but can decrease the cracks ening at a given load. If the 

the piping s stem, then the leak rate will be less than the leak rate calculated by using analyses that assume that 
the ipe is gee to rotate. This will cause the leakage crack size to be larger than that calculated by the current 
d y s i s  methods fo? thesame le.& rate. However, for a pipe which restrains bending from pressure loads, its 
load-carrying capacir wdl also increase. It is interesting to see how this would-counter the effects of crack- 
opening reduction. 

In References 8 and 9, a numerical procedure, based on a linear-elastic finite element method, was developed 
by the authors to uantify the effects of restraint of induced bendin due to pressure on the crack-opentng 
displacement (CODY of pi es. From that study, Figure 8 shows the p i t s  of a correction factor, defined as the 
ratio of retrained center ZOD to unrestrained center COD, as a function of normalized restraint length, defined 
as the ratio of restrmt length (i.e., distance of the cracked plane from the restrained lane, LR) to the mean 
$e diameter (D$, for a pipe with RJt = 10 with three different crack sizes, 8/?r = d, 1/4, and 1/2. Using 

Figure 8, one s ould be able to determine the a propriate reduction of crack-opening area knowing the 

was assume?that the crack was located very close to the restramed section. Hence, the normallzed gestramt 
len? was chosen to be one. As before, the crack-opentngarea modules of PS UIRT were modified by 

i n 8 u A .  For calculatmg the maxl~llll~ll load, the PROLIfB co%e was modified to dro the pressure-induced 

Table 3 also shows the calculated mean values of leakage size flaw for BWR-1 pipe for various leak rates and 
normal operating stresses when the induced bending due to ressure load is r e s m e d .  In general, the length of 

large differences were found between the flaw sizes obtained from the unrestrained and restrained conditions. 
Thx was mainly because the calculated COD due to the pressure was relatively small compared with that due to 
bending. Hence, the reduction of total COD due to pr$%sure-induced bendin from Figure 8 was not significant- 

&at $ere was a *marginal decrease .of the conditional fdure probability. due to the incgease of failye lo@ at 
respmed condition. Hence, for this papicular pipe (BWR-l), the restrq! of pressure-induce+ bendmg did not 
senously affect the conditional probabdity of fdure. Currently, work is m progress to examme the trends for 

pipe system restrains the bending, for example from cracks being close to a no ZZP e or restramt from the rest of 

ome scoping calculations were performed to assess the magmtude of the trends. 

normalized restraint len th and crack size. For an ar % itrary crack size the correction factor was determined by 
a h e a r  inte olation o B the curves shown in Figure 8. To determine the effects of pressure-induce,d bending,. it 

ap yin the correction .factor from Figure 8 on the cracks e m  component due to 9l e tension load (pressure- 

bending component in evaluating the J-integral. See Reference 2 for explicit details of t% e J-integral equations. 

flaw sizes increased due to restraint of induced bending w E en compared with the results of Table 2. But, no 

1 lar e. The subsequent results of the probabilistic anal sis, presented in k igures 9 and 10, however, showed 



another small diameter pipe (BWR-6) and will be published in future. In this case the leaking crack length will 
be a much larger B/?F value, and the failure probabilities may be affected more. 

Dvnamic and Cvclic Loadinp Rates 

For an LBB analysis, it is usually required to determine the fracture stability of a leakage size flaw under 
N+SSE stresses. This requires characterization of material pro erties from laboratory tests that can be used to 
calculate the load-carrying capaci of a cracked pi e. Typ idy ,  the strength (stress-strain curve) and fracture 
tou hness (J-R curve properties &it are used for EBB analysis are obtained under quasi-static and monotonic 

arise about the adequacy of quasi-static properties and their use for the prediction of failure prob&lity as 
compared with that using more realistic dynamic and cyclic material Properties of a pipe. 

During the IPIRG-2 Pro defined as the ratio of J-integral at crack 
initiation from dynamic F h  oad to that om quasi-static load, and qi, defined as the ratio of J-integral at crack 
initiation from cyclic load to that from quasi-static load, were deve oped. From an experimental study on both 
compact-tension [C(T)] and pipe specimens, it was found that these correction factors are stron ly correlated 
with the ield-to-ultimate strength ratio (a a,,) of the pipe material. For example, Figures 10 an % 11 show the 

austenitic and ferritic materials obtained from both 4T) and pipe specimens. Although, the trend curves of 
K were different for austenitic and ferritic. materials (Figure lo), no such difference was found for 
(&$re 11). Hence, it was assumed that a sin le curve can be used for detemmmg % regardless of e 
material type. This will be verified in the IPIRd-2 Program when M e r  data become av able. 

From a linear regress!on qalysis of the test data, several e uations were developed for KDm and Kcyc in this 
study and are shown m Figures 10 and 11. Although the &ita and resultmg equations were developed for J- 
integral at crack initiation, it was assumed that the similar correction factor could be a plied for the whole 
quasi-static and monotonic J-R curves. With th is  assum tion and using these multipliers hrrection factors) to 
account for the dynamic and cyclic load effects on the &ic hue toupfp rope r t i e s ,  a number of robabilistic 
analyses were performed to calculate the conditional probability of ailure or a stainless steel pipe ( h R - 1 )  and 
two carbon steel pipes (BWR-2 and BWR-4). The conditional failure probability calculated using both quasi- 
static and dynamic and cyclic pro erties are shown in Figures 12, 13, and 14, respectively. The results sug est 
that the conditional failure robdllity will increase when the dynamic and cyclic loadin effects are inclufed. 
The magnitude of their resuptant effect will, however, depend on the values of KD* and kc which in turn are 
stron 1 de endent on .the quasi-static yield-to-ultimate strength +io. For the specific pi es, BWR-1, BWR-2, 
and &x analyzed in h s  study, the mean values of uasi-static uy/uu from Reference Zwere 0.35-0.53, and 

respectively. Since %e value of KToT for the BWR-2 pipe was close to 1, g e  increase opfailure probability for 
that ipe by accounting for d armc and cyclic loads was not signifiqt. In contrast, the above effects can be 
sigmicant for BWR-1 and BG-4 pipes for which cases Knrr was sigmficantly lower than 1. 

If the BWR-2 pi e were made of A106B instead of A516 Gr70 material (see Table l) ,  then the value of KTm 
would be 0.5. # that case, the conditional failure Probability accounting for dynamic and cyclic load effects, 
shown in Figure 15, would be much higher. (Note, the falure probabllities m Figure 15 were obtained for 
cracks in base metal onl since weld metal tests are no pro ess at this time.) In summary, the dynamic and 
cyclic loading rate can affect the prediction of the conditiongfailure robability for both austenitic and ferritic 

RELATIVE SENSITIVITY MEASURES 

For determinim the relative im ortance of the parameters considered in this study, a robablli ratio, defined 
as the ratio of t8e conditional fa!ure probabili considering each arameter to the con%ional * f a  '7 ure robability 

different normal operatmg stresses as percentages of ASME service limits, e.g., uN/us, = 0.25, 0.5, and 1 (2 

pressure-induced bending, and (5) quasi-static and monotonic strength and fracture toughness properties. Most 
results for this baseline condition were originally developed in a previous study by the authors (Ref. 2). 

Figures 16 and 17 show bar lots of the ratio of conditional failure probability for various parameters 
accounting for N+SSE stresses &ME service levels C and D stress limits), dynamic and cyclic loading rates, 
restraint of ressure-induced bending (PIB), and off-centered cracks. Two pi es from Table 1, one a +inless 
steel pipe (IPWR-1) and the other a carbon steel ipe (BWR-2), were analyzd to calculate the probablli ratio 
when the leak rate was 3.79 l /mh (1 gpm and tl!e crack was randomly located in either the base or we1 2 metal 
of the pipe. The results are shown in digures 16 and 17 for BWR-1 and BWR-2 pipes, res ectivel One 
general trend from the results of both figures is that the N+SSE stress articularly, the ASME gervice &vel D 
probagllity significantly when compared with the failure probability calculated under the baseline condition. The 

loa8ing condition. R owever, due to the dynamic and cyclic nature of the seismic ground motion, uestions 

(Ref. 3 , two correction factors, K 

plots of Iy Dm and I(crc, respectively, as a knction of uasi-static yield-to-ultimate strength ratio, a& for both 

% 

0.44 with the corres ondmg values of total correction 9 actor, Knrr = KD xKcyc bein 0.63, 0.83, and 0.5, 

pipes dependmg on the quasi-static yield-to-ultimate strength ratio of t! e material. 

of a baseline condition, was calculated. The ti: aseline condition for this sensitivity analysis involve8 (1) three 

ASME Service Level B stress limit as the N+SSE stress, (3) asymmetrically centerecf crack, (4) unrestrain e i  

stress) dynamic and cyclic loading rate, and an off-centered crac t can increase the conditio@ failure 
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effect due to restraint of pressure:iqduced bending was Iparghpl. More specifics on @e relative significance of 
these parameters depend on the pipmg matenal and the mtensity of the normal operamg stress. 

Table 4 shows the relative ranking of these parameters for various conditions. The parameter which attributed 
to a lar est probability ratio was iven a ranking value of 1 and so on. Note that the ranking values were 
obtainJ for a stainless steel pipe fBWR.-l) and a carbon steel pipe @WR-2). Further studies are needed to 
examine these ranking values and d e t e m e  if they would agree with the results from other pipmg systems. 

Table 4 Relative ranking of the parameters based on the probability ratio of CPOF 

Ranking Value 

(a) Stainless Steel Pipe (BWR-1) 

N+SSE Stress (Service Level C) 2 4 4 
N+SSE Stress (Service Level D) 1 1 2 
Dynamic and Cyclic Load 3 3 3 
Restraint of Pressure-Induced Bending 5 5 5 
Off-Centered Crack 4 2 1 

(b) Carbon Steel Pipe (BWR-2) 

N+SSE Stress (Service Level C) 2 * 3  3 
N+SSE Stress (Service Level D) 1 2 2 
Dynamic and Cyclic Load 4 4 4 
Off-Centered Crack 3 1 1 

SUMMARY AND CONCLUSIONS 

This paper resents new results from a probabilistic study to evaluate the effects of nprmal operatin stresses, 
increased I$+SSE stresses addressing proposed changes to the ASME Secuon III design stresses, o8-centered 
leaking cracks, restraint of pressure-mduced bending, and dynamic and cyclic loading rate on the conditional 
failure probability of pipes. NFerical exam les are provided showin the effects of the above parameters for 
several nuclear pipmg systems m BWR and PbR envlronments. The fey results were: 

The leakage size flaw stron ly depends on @e magnitude of normal operating stresses in a pipe 
for any given leak rate. hz uncertainty 111 the normal o eratin stresses can lead to large 
variations in the redicted con itional probability of failure. For a ked normal operating stress 
an increase in t ie N+SSE stress from ASME service level B to ASME service levels c or d 
w& also increase the conditional failure probability regardless of the leak-rate detection. 

When a crack is offcentered or the pressure-induced bending is restrained, the length of a 
lealpge size flaw wil!, in general, be increased for a given leak Fte. A relative comparison of 
their separate effects mdicate that an off-center crack is likely to mcrease the crack length much 
more significantly than the case when a pipe restrains pressure-induced bending. In consequence, 
for the off-center cracks, the conditional failure probablity, increas-ed significa$y. However,.due 
to a slight increase in the failure load, the estimated conditional fadure prob?blity for a restrmed 
condition was slightl lower than that for an unrestrained condition. Adabonal calculations to 

conducted for small diameter pipe. 

The conditional failure probability will increase when the d c and cyclic loadin effects are 
included via reduced fracture toughness. The magnitude om resultant effect A, however, 
depend on the values of reduc!ion factors (KDW and I&,,,,, which in turn are strongly dependent 
on the quasi-static yield-to-ultunate stren ratio. Bas on the results pf some specific pipes, 

for both austenitic and ferritic pipes. 

assess the affect o ? the restraint of pressure-induced bending are in the process of being 

the dynamic and cyclic loading rate can a!? ect the prediction of the condmonal fadure probablity 



The .calculations of a probabili ratio, .defined +s the ratio ~f the conditiopl failyc probability 
considermg each parameter to g e  conhtional fdure robability of a baselme condition, mdicate 
that for a given n o d  operating spes.~ level, @e I’!+SSE stres.~, dynan?ic and cyclic loading 
rate, and an off-centered crack can sigmficantly mcrease the conditional fdure, while the effects 
of pressure-induced bending were marginal. 
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THE CONCEPTS OF LEAK BEFORE BREAK 
AND ABSOLUTE RELIABILITY 

OF NPP EQUIPMENT AND PIPING 

By: A.F. Getman, 0. KKomarov (I”), 
Yu. G. Dragunov, L. M.Sokov (OK3 Gidropress), 

A. KSudakov (CKTD, V.M.Markochev, V .  Yu. Goltsev (MIFD, 
E. I .  Mamaeva (CNIITMSH), V: G. Vassilyev (RoseneEoatom), 

N.I. Kaipunin (Research Centre of G m ,  Russia) 

1. Introduction. Review of some approaches to assurance of safe operation 
of NPP equipment and piping 

The first generation nuclear power reactors were designed assuming a high 
reliability of plant equipment and piping (E&P). The assumption was based on 
relatively stringent requirements to the quality of design and manufacturing. 

Later on, the requirements to the quality of nuclear-grade E&P design and 
manu€acturing became even more stringent. However, in the M e  of the NPP safety 
concept appeared a notion of maximum design basis accident (MDBA) that is based 
on the assumption of a possible instantaneous double-ended (i.e. across the whole 
pipeline section) break of the main reactor coolant pipeline (RCP). (OPB 82 /l/). 
The MDBA concept merited from the fact that it provided designers with a definite 
and clear basis for designing NPP safety systems. A shortfall of the MDBA concept is 
that it creates psychological prerequisites for relaxing the quality requirements to 
plant E&P. It could adversely affect (and it did!) the state of the third safety barrier, 
i.e. primary circuit E&P of the reactor. For instance, main reactor coolant pipelines 
(RCP) of a number of NPPs have been designed in such a way that makes some of 
their components inaccessible for in-service inspections. 

As applied fracture mechanics came into being, the “leak before break” 
(LBB) concept was formulated /2/. This concept is based on the requirement that a 
correlation between the crack resistance capability and loads on a pressure vessel 
should be sufficient enough to allow for existence of a stable through-wall defect 
without instantaneous breakage of the structure. That means an instantaneous fbll 
break of a structure should be preceded by a leakage that signals termination of 
firther operation. 
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The success of fracture mechanics enabled to put the LBB concept into 
practice. This concept is also reflected in regulatory documents of a number of 
countries (for instance /3,4, etc./). 

Merits of the LBB concept are obvious. Its implementation allows to 
significantly enhance the operational safety of NPPs. However, the concept is not 
absolutely flawless. 

First and foremost, the LBB concept has a negative psychological impact on 
designers, manufacturers and operaton that does not contribute to maximal 
concentration of efforts on achieving high quality of plant E&P. Apart from that, our 
review has shown that the LBB concept in the form it exists now in foreign countries 
(e.g. /3,4, etc.) cannot hlly preclude the likelihood of instantaneous 111 breakage of 
pressure vessels without an initial leak. 

In fact, according to the LBB concept as stated in /3, 4, etc./, it is necessary 
to prove the possibility of stable through-wall cracks of a certain length 5 2C’, (if 
2a’=S) (See Figure 1). In doing so, critical cracks with the size of 2a” < S and Cycr 
> Cy are not considered. However, operating practices and our review have 
demonstrated that cracks of the second kind can exist with an ultimate, and relatively 
high, probability. For instance, according to / 5 / ,  at a French NPP a circumferential 
crack, about 0.9s deep, was discovered on a primary coolant pipeline (See Figure 2). 
That means the nuclear power plant was really close to an instantaneous double- 
ended large-bore pipe break not preceded by any initial leakage. 

The above mentioned deficiencies can be overcome by developing a new 
concept of assuring safe operation of plant E&P, that can be called the Concept of 
E&P Absolute Reliability (the AR concept). The absolute reliability of a pipeline or 
component is understood as the level of reliability when the probability of 
instantaneous double-ended break is near zero, or is less than 

There is no contradiction between the LBB and AR concepts. Moreover, 
studies and activities required for practical application of the LBB concept should be 
a part of the work on the AR concept implementation. . 

The possibility to apply the AR concept was for the first time demonstrated on 
the basis of results obtained by VNIIAES jointly with $he Russian lead organizations 
under the program of E&P reliability studies for RBMK and VVER type reactors, as 
well as the LBB applicability studies for VVER-440 reactors. 

Described below are basic methodological principles, methods and approaches 
that have been developed in the framework of reliability and applicability studies of 
the LBB concept and provide the basis for implementation of the AR concept. 



2. Methodological Basis for the AR Concept 

Implementation of the AR concept is aimed at achieving a high level of E&P 
reliability on the criterion of resistance against an instantaneous double-ended break 
or an instantaneous leak of unacceptable rate. 

Activities and studies are organized following a systematic approach and 
system methodology as applied to the reliability of plant E&P that are described in a 
number of publications /6, 8, etc./.One of the basic notions of the systems 
methodology is the “Metal-NPP” system, a schematic of which is shown in Figure 3 
/6/.  

The methods and techniques of the AR concept have been developed as 
applicable to nuclear power plants already designed and in operation. This fact 
determines the scope of possible activities under the existing reliability assurance 
system (See figure 4) /9/ .  Tables 1 and 2 illustrate differences in the scope of work for 
operating and newly designed NPPs. 

The key phases of studies aimed at determining applicability of the LBB and 
AR concepts for the operating NPPs are as follows: 

1. Proving reference reliability. 

2. Proving possible states with a stable leak. 

3. Evaluation of probable and low probable (- lo4 - 
result in fill break. 

events that may 

4. Development and justification of engineering actions to assure an 
acceptable reliability level. 

The scope of activities related to the proof of reference reliability includes the 
following: 

1. Check of the design and architect-engineering quality. 

1.1. Selection of geometry. 

1.2. Selection of material. 

1.3. Lifetime and strength justification. 

2. Check of the manufactwring and installation quality. 
2.1. Metallurgy processes of categories 1 and 2. 

2.2. Welding. 
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2.3. Evaluation of the following: 

- chemical composition 

- mechanical properties 

- micro- and macrostructure 

- geometry 

3. Review of the plant operations quality. 

3.1. Operating modes. 

3.2. Maintenance. 

3.3. Inspection. 

4. Studies of the actual status of metal and piping. 

4.1. Degradation and ageing. 

4.2. Regimes and stresses. 

4.3. Residual lifetime. 

4.4. Defects. 

4.5. Corrosion. 

An assessment of the actual E&P status and a prediction of the residual 
lifetime can be performed under the framework of the overall in-service inspection 
system, a block diagram of which is given in Figure 5 /lo, 1 l/. 

The proof of a possibility of stable through-wall defects (leaks) and the 
analysis of critical sizes of defects, their kinetics and E&P crack resistance capability 
as a whole are carried out in line with regulatory methods approved by the 
GOSATOMNADZOR of the Russian Federation (“Methods of estimating 
acceptable defects in operation”. NIKIET, VNIIAES, 1989; “Methods of piping 
analyses under the LBB concept”, OIU3 Gidropress, NIKIET, 1993). 

The publications /12, 13/ can give an idea of the approaches used in this case. 

Probable and low probable events are analyzed in accordance with the 
probabilistic method of estimating the strength and residual lifetime of the E&P with 
crack-type defects, taking into account statistic nature of defects, strength 
characteristics and loads /14, 15/. 

Engineering measures aimed at improving reliability should be developed 
under the framework of the system for E&P reliability assurance during plant 
operation (See Figure 4). In doing so, the most effective measures are related to 
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3. Examples of Achieving Absolute Reliability 

Figure 7 presents the results of quantitative reliability assessment of the main 
reactor coolant pipeline (RCP) under the normal operation modes of a VVER-440 
reactor, depending on the quality of non-destructive testing (NDT) and hydraulic 
tests. 

As can be seen from Figure 7, an advanced NDT methodology enables to 
achieve the RCP reliability that is markedly higher than ( 1-10-6) l/reactor per year. 

Following an excessive pressure hydraulic test, the probability of RCP break 
equals zero for more than two years. 

Thus, the Absolute Reliability Concept can be practically applied to the 
operating nuclear power plants. The AlZ concept is a logical evolution of the existing 
NPP safety concepts (See Figure 8). 

Conclusions: 

1. Implementation of the LBB concept allows to enhance the nuclear power 
plant safety. The LBB concept should be fbrther developed to overcome a number of 
deficiencies. 

2. Evolution of the LBB concept and studies in the area of plant equipment 
and piping reliability make it possible to formulate the concept of absolute reliability 
of plant E&P. 

3. The possibility of practical implementation of the AR concept at the 
operating nuclear power plants has been demonstrated. 
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either better quality of non-destructive testing or introduction of a special regime of 
hydraulic tests by excessive pressure (See figure 6). 



Schematic of Two Types of Cracks of Critical Size 

1 - through-wall crack with a size of 
2a’ = S ;  2CIW, 

2- non-through-wall crack with a size of 
2a” < S; 2C”,.> 2C’. 

Fig. 1 

5 18 



Fig. 2 -  Schematic of a circumferential crack with the depth of up to 0.9 of 

the wall thickness 
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Pipe and pr. VESSEL ABSOLUTE 
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1 - FD and HT not performed 
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5 - FD performed with improved technique 
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THE SCHEME OF SAFE RELIABILITY OF NPP 
EQUIPMENT DEVELOPMENT 

Absolute 
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sudden full pipe break 

1970-80-ies 

pipe and pr. 

reliability 

LBB - concept 
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Table 1. 

IMPLEMENTATION OF LBB SAFETY CONCEPT AT 
THE DESIGN STAGE 

Table 2. 
IMPLEMENTATION OF LBB CONCEPT AT THE 

OPERATION STAGE 
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Approach of Czech regulatory body to LBB. 

Statc Oflicc for Nuclear Safety (SONS), Prague 
PetrTendern . 

At present there are two NPPs cquippcd with PWR units% Czech Republic . 'The 
Dukovmy'NPP is about ten years in operation (four units 440 MW - WWER model 213) and 
Temelin NPP is under construction (two units 1000 MW - WWER model 320). Both NPPs 
wao built to Soviet deign and according to Soviet rqplations and standards but most of 
quipmont for primary circuits was supplied by home manufactureres. 

Thc objeclivo of the Czech LBB programme is to prove the LRB status of the primary 
piping systems of thcse NPPs and the LBB concept is a parl of strategy to meet western slylc 
safety standards. The reason for tlic Czwh LBB project is a lack of some standard safety 
facilities, too. 

For both Dukovany and 'I'emalin NpPs a f d l  LBB &alysk should be Garrid out. The 
application of LBB to the piping system should be also a cost effective means to avoid 

The Czcch regulatory body issued non-mandatory requircment ,, Leak Before Break" 
which is in compliance with national legal documents m d  which is based on the US NRC 
Regulatory Yroccdures and US standards (ASME CODE. ANSL). The .rquircment hai bcoa 
published in the dowment ,,Sdety of Nuclear FaCitities" No l/ly91 as ,,ltequirements on the 
Content and Format of Safdy Reports and their Supplements" a d  consist of two parts 

installations of pipe whip restraints and jet shields.. . .  

' procedure for obtaining proof of evidence-,,Lcak Before Break" 
*.leak detection systems for the preshized reactor primary circuit. 

At presant gome changes . cqnemirig both parts, of the above document will be 
introduced. The reasons for this modifications will be presented. 





LBB Research Status in China 

Wei J. 

Nuclear Safety Centre - People's Republic of China 

NOT RECEIVED 
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THE LBB METHODOLOGY APPLICATION RESULTS PERFORMED ON THE 
SAFETY RELATED PIPING OF NPP V-1 IN JASLOVSKk B0"ICE 

.KUPCA Eudovit PhD, B E 3 0  Peter MSc, Nuclear Power Plants Research Institute 

Okruini 5, Trnava, Slovak republic 

SUMMARY 

The main results of LBB application on the following safety related piping both WWER.440 

type units of the NPP V-1 in JaslovskC Bohunice: 

- primary circuit 

- surge line 

as the first step of this project and as the second step the integrity assessment of safety related piping 

for: 

- feed water 

- and main steam piping, 

which is close related to the LBB methodology applications are summarised in presented paper. 

This project under management of NPPRI (vriJE> Trnava was realized through close 

cooperation of more than one hundred research specialists from NRI Rei, SKODA Works, RI Sigma 

Modfany, Welding Institute Bratislava, Energy Institute Bratislava and also the engineers and 

technicians from NPP V-1 Jaslovskd Bohunice. 

The results of experiments and calculations are divided due to the LBB methodology approach 

following way: 

- stress analysis 

- mechanical properties of base metal and weld metal 

- corrosion stability analysis 

- fatigue damage evaluations 

- heavy components stability 

- water hammer analysis 

' - leak rate measurements 

- fi l l  scale model experiments on the critical parts of piping. 
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INTRODUCTION 

The start of the realization of this project follows from the Regulatory Act #5, former 

Czechoslovak Atomic Energy Commission according to the activities relating to the safety 

improvements of the NPP V-1. This effort continue till this time throughout all WWER-440 units which 

are under operation, or construction in former Czechoslovak Federal republic NPP V-2 in JaslovskC 

Bohunice, Mochovce and Dukovany and another units this type operated in Hungary, Bulgaria, 

Ukraine and Russia, too. 

THE FJELD OF APPLICATION 

LBB methodology application was performed on the following safety related piping both 

WWER.440 type units of the NPP V-1 in JaslovskC Bohunice: 

- primary circuit (PC) 

- surge line (SL), 
as the first step of this project, the integrity assessment was performed on the following piping systems: 

-- main steam piping (MSP) 

- feed water piping (FW), 

as next step after finishing previous one. 

Summary of achieved results were prepared in so called "LBB Handbook". This great effort was 

finally used for: 

- upgrading of the limits of operation for both NPP V-1 units 

- recommendations for operation under nonstandard situations 

.- important data of "basic engineering NPP V-1" reconstruction project. 
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THE LIST OF RESEARCH PROGRAM TASKS 

Following activities were performed under this program: 

- the stress and strain calculations for both piping systems including the seismic influences 

- the stress, deformation and fatigue calculations in the critical parts of both piping 

- the mechanical properties' evaluation realized on the samples cut from NPP Kola primary piping 

material after 15 years of operation 

- the corrosion and erosion analysis on the samples after 15 years of operation 

- the material properties analysis: 

a) mechanical testing (static tension, Charpy, fracture toughness, low cycle fatigue) 

b) the microstructural analysis (microimpurities, grain size, microhardness, inclusion 

identification, . ..) 
c) fractography of fracture surfaces on the samples after the 

mechanical tests using the scanning electron microscopy 

RESULTS OF LBB METHODOLOGY APPLICATION 

In the LBB methodology application were performed following methods (Fig. 1): 

- stress analysis of the primary piping and surge line 

- analysis of the piping material mechanical properties 

- corrosion stability of the primary circuit material analysis 

- fatigue damage analysis 

- stability of the main heavy components supports 

- water hammer analysis 

- primary coolant leak measurements 

- model experiments (1:l) with through wall cracks in weld joints on following parts: 

a) rectangular elbow on primary piping with circumferencial and longitudinal weld 

b) reactor pressure vessel safend with dissimillar weld 

c) T-joint between primary piping and surge line 

d) feed water elbow. 
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From the experiments, calculations and model experiments aplied on the primary 

circuit and surge line pipings of the NPP V-1 follows [1,2,3]: 
I 

- all parts of the primary circuit and surge line piping except the upper part of the surge line 

(Fig.2, 3) fillfilled the LBB method criteria 

- the antiseismic eqiupments for the primary and surge line pipings, including the main 

components like RPV, pressurizer, steamgenerators, main circulating pumps and main 

insulating valves are resistent to the 8" of MSK-64 

- the probability of the integrity loss for the safety significant pipings is extremely low (< lo6) 

- fkom the material properties analysis performed on the archive material of the NPP V-1, and 

NPP Kola after 100000 hours of operation follows, that there are not present any 

significant changes of the material properties. 

F ig2  Surge line piping scheme 
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Fig.3 : Dissimilar weld of pressurizer safend 

From the experiments, calculations and model experiments applied on the main steam 

and feed water piping of the NPP V-1 follows: 

- all values of mechanical properties, for both pipings satistjr the standard requirements 

- the mechanical properties of the weld joints for both piping (static tension tests and , 

Charpy) are higher than base material 

- the fracture toughness values comparing base and weld material are higher too 

- as assumed there were observed the differences of the mechanical properties values based . 

on the samples orientation (texture - effect) 

- the stress calculations involved the following parameters: 

a) internal pressure 

b) the weight of coolant and thermal insulations 

c) thermal dilatations 

d) the seismic event 

- the results of calculations mentioned above were used for the final integrity assessment 
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- the detail ultrasonic measurements of the wall thickness did not revealed the significant 

changes due to the operation conditions 

- the chemical composition of both base materials is in good agreement with the standard 

requirements: 

a) for MSP steel St20 by GOST 1050-60 

b) for FWP steel 12022.1 according CSN standard 412022 

- the composition of weld metals follows the E-4483 electrodes type 

- the microstructural properties of analyzed samples cut fiom piping materials after 15 years 

of operation NPP V-1 give us following results: 

a) macrostructure of both materials are standard and uniform 

b) the visual control of internal and external surfaces did not revealed anomalous 

corrosion and erosion influences 

c) macrohardness (Brinell) and microhardness measurements (Vickers) revealed the 

some differences comparing the values measured in the middle of the wall, and 

values near both surfaces 

d) microstructure of both materials are typical ferrite - pearlite with the forging texture 

and uniform impurities distribution 

e) in MSP material we observed the grain size differences between the external surface 

zone and rest of wall thickness 

f )  corrosion influence of the long operation time (more than 100000 hours) on the 

external surface of both piping is uniform 

g) we observed the pitting corrosion processes on the internal surface of MSP material, 

but maximal measured penetration was deep to the 1OOpm only 

h) microimpurities analysis satisfied the standard requirements. 
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RECOMMENDATIONS 

For the NPP V-1 operation we recommended: 

- to perform the analysis of the primary piping material after 150000 operation hours only 

- the bariers against the primary coolant bleeding are unnecessary 

- to prepare new instructions for the leak detection systems signalisation 

- to perform the periodical controls of the leak detection systems liability 

- in the case of the significant flaws detection perform the material expertize 

- in the case of earthquake, or waterhammer accident perform the detail analysis 

- in the case of exceeding the standard chemical regimes operation lasting more than one 

week to perform the corrosion influence analysis 

- in the case of long time overheating the seismic atenuators (GERB) to perform the 

analysis of such event on the safety significant pipings 

- to perform the cutting off the upper part of the surge line 

- stress analysis of the MSP and FWP including the seismic event of 8"MSK for all 6 
. loops at both V-1 Units, after antiseizmic backfitting 

- analysis of the piping material mechanical properties 

- detail corrosion and erosion analysis of the exposed material. 
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1 Introduction 

Reactor pressure vessels and piping of the primary circuit form part of the safety research related components in nu- 
clear power plant. The integrity of these components in the presence of defects of limited size has to be guaranteed 
under both operational and accident loading conditions. 

In the period from 1973 to today, on the one hand, within the framework of reactor safety research, the Federal Minis- 
ter for Education, Science, Research and Technology, Bonn, sponsored a series of research projects which, as seen in 
Fig. 1, are logically linked to each other /1 - 7/. On the other hand the utilities, manufacturers and vendors of nuclear 
power plants performed series of tests with pipes and components to solve their specific problems. Having regard to 
the results of the supporting projects the experimental verification of Leak-before-Break behavior was to be demon- 
strated, the postulation of fracture preclusion for piping (straight pipe, bends and branches) confirmed and thereby the 
safety margin against massive failure also quantified. Fig 2 gives a general overview of the types of defects and load- 
ings also the most important objectives. 

As the following results reveal, they can be called upon for the safety assessment of ferritic and austenitic piping, in the 
primary and secondary circuits of nuclear power plant. Moreover, because of the great spread of the test parameters, 
they are also important for the design and assessment of piping in other technical plant. 

On the strength of the test results it appears to be justified to rule out catastrophic fractures (2F-fractures) even on 
pipes of dimensions corresponding to those of a main coolant pipe of a pressurized water reactor plant on the basis of a 
mechanical deterministic safety analysis in correspondence with the Basis Safety Concept (Principle of Fracture Pre- 
clusion) /8/ 

2 General 
2. I Material and test pieces 

For reasons of transferability of the results to actual components, mostly the Basis Safety material 20 MnMoNi 5 5 
employed for piping and pressure vessels in LWR nuclear power plant was used. To cover specific problems also other 
ferritic materials on the basis of MnNi, MnMoV or austenitic steels as e.g. X lOCrNiTi 18 9 were used. In the quality 
employed, these materials have a notch impact energy upper shelf value between 100 J and 200 J and thus lie above the 
minimum value of 100 J required in the RSK Guidelines /9/. 

For the investigation of the effect of conditions which overstep the limiting values, especially with respect to a lower 
notch impact energy upper shelf value, special casts were used as further materials for the manufacture of the test 
pieces. For the simulation of the end-of-life (EOL) condition an upper shelf energy value o f f  50 J could be arrived. 

The test pieces were straight pipes. They were closed by heads at each end. The dimensions of the test pieces lie in the 
range of those applicable to primary circuit components of pressurized water reactors. In preliminary tests other di- 
mensions and materials were employed additionally so that the range shown in Fig. 3 could be investigated. 
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2.2 Test conditions 

As regard pressure and temperature the test conditions were orientated towards the operating conditions of a pressur- 
ized resp. boiling water reactor: internal pressure between 9 MPa and 17 MPa at temperatures from ambient tempera- 
ture to 300 "C. Both water and air were chosen as pressurizing media. The failure of pipes with longitudinal resp. cir- 
cumferential defects, was effected by raising the internal pressure, or when using an additional external bending mo- 
ment, the bending moment was increased until failure occurred. In case of an alternating external bending moment was 
used, the amplitude of which was chosen to correspond to the object of the test, a constant internal pressure of up to 15 
MPa was superimposed on the pipe. 

2.3 Introduction of defects 

The longitudinal and circumferential defects were introduced mechanically using a milling device or by spark erosion. 
A number of the defects in the pipes were additionally fatigued. 

3 Summary of experimental results 

3.1 Strength and Leak-before-Break (LBB) behavior 

3.1.1 Pipes with longitudinal defects under internal pressure loading 

The Leak-before-Break curve which divides the leakage from the massive fracture is, assuming equal pipe dimensions, 
for corresponding stress values, essentially dependent on the toughness of the pipe material. 

Fig. 3 illustrates that not only pipes of femtic steels but also ones of austenitic steels may accommodated in this form 
of representation. In order to take account of the different material strengths, in this representation the circumferential 
stress at fracture on was normalized with respect to the mean flow stress of. The path of the Leak-before-Break curve 
appears to be independent of whether crack initiation occurs quasi-statically or dynamically. 

If a pipe exhibits longitudinal through-wall defects which are shorter than the critical slit lengths derived from the 
Leak-before-Break curve then in the event of failure a leak or a limited fracture always develops. /lo - 15/ 

3.1.2 Pipes with circumferential defects under internal pressure and external bending moment loading 

For the performance of the bending tests a 4 point bending rig was used. By changing the pressurizing medium (air 
instead of liquid) in the actuating cylinder of the rig the stiffness of the system could be varied over a wide range. In 
these pipe bend tests the stiffness of the bending rig exerted more influence on the fracture development than the com- 
pressibility of the pressurizing medium in the test pipe. If the stiffness of the bending rig is very large (hard system) 
then it is possible that after crack initiation, because of the rapidly changing deflection behavior of the test pipe, the 
bending moment can no longer be maintained. In this case an arrest of the initiated crack in the test pipe has to be 
reckoned with, i.e. this system favors the development of leakages. 

On the contrary for a test rig having less stiffness, in the extreme case for having an infinitely soft system (e.g. creation 
of moments by dead weight loading) theoretically the bending moment on the test pipe is always present and indeed is 
independent of the magnitude of its deflection. A crack once initiated under these idealized conditions can more likely 
lead to a massive fracture, i.e. this system favors the development of a massive fracture. 

If pipes with part-circumferential notches or defects are loaded by an external bending moment in addition to internal 
pressure then failure curves for different notch depthlwall thickness a/t ratios result. From this it holds that the deeper 
the notch for a given notch length or notch circumferential angle the smaller becomes the tolerable additional bending 
moment for a constant internal pressure. 

As already established for pipes with longitudinal defects, a strong dependence of the failure curve on the toughness of 
the pipe material was also found for the pipes with circumferential defects, Fig. 4. Assuming a low toughness material 
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condition (KV z 50 J) and normal operational internal pressure loading superimposed by a 5 MNm bending moment, 
then for the dimensions of the main coolant piping a safety margin of about x4 with respect to the critical slit length 
results if the maximum permissible defect sizes from the acceptance test, the repeated non-destructive testing and the 
leakage monitoring system (LMS) are taken as a basis. For toughness of KV > 100 J this safety margin rises to x8. 
Fig. 5 illustrates again that not only pipes of ferritic steels but also ones of austenitic steels may accommodated in this 
form of representation. In order to take account of the different material strengths, in this representation the nominal 
bending stress at fracture was normalized with respect to the ultimate tensile strength. /16, 17/ 

3.1.2.1 Fracture opening behavior 

The time-dependent development of fracture opening area for longitudinal and circumferential defects was investi- 
gated. From this the time required for the formation of a fracture opening of 0.1 F is between 2.5 and 5.4 ms for longi- 
tudinal defects and between 29 and 36 ms for circumferential ones. 

3.1.3 

The investigations served to provide further experimental confirmation of the fracture preclusion postulate for piping 
with (partial-) circumferential defects, especially under internal pressure loading and simultaneous loading by a cyclic 
external bending moment. The tests were conducted with the aim of providing data on the crack initiation, cyclic crack 
growth, the deformation and cyclic strain behavior and also the Leak-before-Break behavior. 

Pipes with circumferential defects under internal pressure and cyclic external bending moment loading 

For these tests a modified version of the bending rig was employed. 

In Fig. 6 are plotted both the number of cycles to crack formation (NA) determined of smooth test bars as a function of 
the total strain amplitude in the form of a scatter band /18/ and also the number of cycles to through-cracking (NB) 
determined in pipe bending fatigue tests as curves dependent on the particular defect size. 

The number of cycles to through-cracking determined on pipes with circumferential defects lie, depending on defect 
depth and length, at a greater or lesser distance below the scatterband determined on smooth test bars, in which the test 
bars from the investigated pipe materials fit well. 

The number of cycles to through-wall cracking of the pipes with circumferential defects having a starting defect depth 
of 10% of the wall thickness (defect depth/wall thickness = 0.1) and a circumferential angle of 42 degrees, lie about a 
half decade below the scatter band for smooth test bars. 

For pipes with deeper starting defects (defect depth/wall thickness = 0.5, defect circumferential angle of 42 degrees) 
the cycles to through-wall cracking lie up to 2.5 decades lower than the scatter band for the onset of cracking in smooth 
test bars. 

For deeper defects (defect depth/wall thickness = 0.5) with circumferential angle of i 120 degrees only a small differ- 
ence in the tolerable load cycles was found compared with shorter defects (= 40 degrees) 

Pipes tested in the region of their natural frequency (4 Hz) lead to the same results as those having comparable defect 
dimensions when tested at a lower frequency (0.008 Hz). 

No effect of pipe geometry (internal diameter of 10 mm to 706 mm) on the number of cycles to through-cracking could 
be found over the range investigated. 

It can be concluded from the investigations that pipes of ferritic materials with crack-like circumferential defects can 
bear additional high external bending moments in the presence of simultaneously acting internal pressure even if the 
dimensions of the defects lie considerably above the defect size permitted in the non-destructive acceptance testing. 
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Furthermore it can be established that pipes with such circumferential defects can still tolerate a considerable number 
of bending cycles before through cracking of the ligament below the defect occurs. A prerequisite though in this regard 
is that the defect lengths are shorter than their associated through-wall critical lengths. 

3.2 Analytical and numerical analyses 

The Leak-before-Break (LBB) concept is an essential part of the Break Preclusion Concept /8,19,20,21/. 

3.2.1 LBB Concept 

The critical crack size for ductile material is determined using fracture mechanics. The growth of stable cracks is only 
conceivable due to cyclic loading (corrosion has to be precluded). The cyclic crack growth beyond design can lead to 
two situations, Fig. 7 

First situation: Crack growth smaller than critical through-wall crack length (Leak-before-Break). 

Second situation: Crack growth up to a crack length which is greater than the critical through-wall crack length (Break- 
before-Leak). 

If LBB behaviour can be shown, break preclusion is proven with the necessary redundancies; if not, break preclusion 
can only be obtained by applying equivalent safety measures (e.g. Inservice Inspection, Load Monitoringr Fatigue 
Monitoring, Continuous Inspection). 

3.2.2 Methods applied 

LBB is demonstrated by means of fracture mechanics methodology, applying adequate criteria, Fig. 8. Siemens per- 
formed numerous analyses to preclude breaks based on simplified elasto-plastic fracture mechanics (Flow Stress Con- 
cept = FSC, Plastic Limit Load = PLL) for circumferential cracks, Fig. 9. The acceptability and applicability of these 
concepts was discussed with and accepted by the authorities in Germany /20 - 22/. Analogous approaches are used for 
longitudinal cracks /23/. These approaches are also compared to the more sophisticated approach using J-Integral/27/. 

3.2.3 Experimental verification of the methods used for LBB 

3.2.3.1 Simplified methods (FSC, PLL, BMI, RUIZ) 

The calculation concepts used by Siemens (charpy energy KV > 45 J, material properties of base material BM instead 
of weld materid WM) are validated by numerous tests. As an example typical results for the conservatism of the sim- 
plified elasto-plastic fracture mechanics approaches are shown for circumferential through-wall cracks using FSC and 
PLL /22,24,26/,Fig. 10 and 11. The comparison of the theoretical prediction to the experimental results for longitu- 
dinal through-wall cracks /23/ using BMI'and RUIZ shows the conservatism of the used approaches, Fig. 12 and 13. 

3.2.3.2 J-Integral 

The application of the J-Integral approach /27/ for circumferential cracks to the tests available at this time (Battelle, 
MPA, Siemens/Interatom) shows that, using Ji as the relevant material property, all tests can be predicted conserva- 
tively, see Fig. 14. The amount of conservatism using FSC and PLL for the same tests also can be seen. 



4 

4.1 Break Preclusion Concept 

Application of the Break Preclusion Concept 

In Germany the Break Preclusion Concept, often called Leak-before-Break, being applied since 1979 is based on the 
Basis Safety Concept /19,25/. The Break Preclusion Concept for the main coolant line according to German practice is 
detailed in a logic chart (Fig. 15) for the different steps , Inservice Redundancies, Leak-before-Break (LBB), Break 
Preclusion (BP) and the Break Postulates, derived from the BP. 

The two main prerequisites for the general procedure of BP /8/ are Basis Safety and Independent Redundancies. 

The safety of the primary piping against break was proven by research programs performed at MPA, Siemens/KWU 
and Siemenshteratom. These programs (Fig. 1) included tests on representative pipings under relevant loading condi- 
tions. 

4.2 Application of the Break Preclusion Concept to the main coolant piping 

Siemens performed various analyses to preclude breaks based on simplified elasto-plastic fracture mechanics FSC /20/, 
PLL /22/. The results of the analysis of a typical PWR main coolant line to the Konvoi plant /20/ are given in Fig. 16. 
With these safety margins, resulting from Basis Safety (piping technology, operational loads and stresses, crack growth 
and crack stability) and from independent redundancies (field experience - no breaks and leaks occurred, leak detection 
requirements, transient monitoring and inservice inspection) the German Reactor Safety Commission (RSK) agreed on 
the application of preclusion of breaks. Restrictions were discussed in the RSK and dealt essentially with corrosion and 
vibrations. These restrictions, if applicable, can be solved by recommendations for representative ISI-testing of rele- 
vant locations. In general the amount of IS1 was reduced when following the requirements to succeed in Break Preclu- 
sion, 

4.3 Break postulates 

Applying the above criteria the RSK modified the RSK-Guidelines, the main content of which is given in Fig. 17: 
Postulated leaks and breaks for primary system and corresponding effects. 

5 Summary 

Extensive experimental and theoretical investigations on the fracture behaviour of pipes gave important results in the 
following areas: 

e 

e 

e 

* e  

e 

e 

e 

Experimental determination of the Leak-before-Break behavior under quasi-static and cyclic loading. 
Experimenkl determination of effect of toughness on the strength, Leak-before-Break and cyclic crack growth 
behavior. 
Experimental determination of the fatigue behavior of pipes under quasi-static internal pressure and cyclic external 
bending moment loading. 
Ascertaining the legitimacy of the transferability of data obtained from small specimens to components. 
Contribution to proving the performance capability of analytical and numerical calculational method 
Proof of the conservatism of the analytical fracture mechanics methods used in Germany for the evaluation of LBB 
of nuclear piping in respect to 
- circumferential through-wall cracks, using flow stress criterion (FSC) and plastic limit load (PLL) and 
- longitudinal through-wall cracks using (BMI) and (RUIZ) formulae 
together with the adapted flow-stresses. 
Proof of the conservatism of the more sophisticated fracture mechanics method (J-Integral with Ji) 
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EXPERIMENTAL AND ANALYTICAL INVESTIGATIONS ON AUSTENITIC 
PIPES 
(UTILITIES. MPA) 1993 - 1995 

33. 
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Fig. 1: Piping research in the Federal Republic of Germany - experimental and analytical programs 
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1 Introduction 

In the frame of the TAClS 91-project the applicability of the leak-before-break (LBB) concept of the 
primary piping in the first generation of WER-plants in Russia is  investigated. The procedures for LBB 
behaviour used in France and Germany are applied. 

With regard t o  the lack of a containment and the given restrictions of emergency core cooling systems 
capacities to small diameter pipe breaks, especially the integrity of  the primary system is of major con- 
cern. 

The requirements to  be fulfilled acc. to  terms of reference (TOR) and the redundancies to be realized 
(e. g. an adjusted leak detection system) are described in detail. 

2 Main Safety Features 

Major topics of interest during a safety evaluation of pipework in operating nuclear power stations 
are external events (e. g. earthquakes) and internal events (e. g. pipe ruptures). Accordingly, the ma- 
terial and structural mechanics aspects of the integrity of such systems will be reviewed. This includes 
the LBB analysis of the pipings. Emphasis will be on experimental validation of national and interna- 
tional engineering practice for evaluating and optimizing existing installations. 

The design criteria of the WWER-plants (design features, regulations, rules, industrial standards) are 
compared to  western standard design. The safety analysis (accident analysis, selection of design basis 
accidents, operational transients, probabilistic safety and risk analysis, event sequences, etc.) and the 
lifetime analysis (weak point analysis, evaluation of actual plant conditions, plant life management, 
preventive maintenance, definition of upgrading measures, monitoring systems, cost-benefit analy- 
ses, etc.) are performed. 

The main design features [l, 21 are shown in fiq. 1. This features are compared with the standardized 
PWR 1300 "KWU Konvoi" in fie. 2. 

In this paper examples are given for the accident spectrum in respect t o  primary leaks. A comparison 
of these items is given in fiq. 3. 

3 TACIS Program 91 /I .2/LBB 

3.1 Aims o f  Proqram [31 

National and international programs for W E R  upgrading are going on at this time. As an example of 
such an attempt the European program TACIS (Technical Assistance for the Community of Indepen- 
dent States) has started the program "Primary Circuit Integrity: Application of Leak Before Break Con- 
cept" (TACIS 91/1.2 LBB) within TACIS 91 Nuclear Safety Project, fic~JJ. 

The aim of this program i s  to  prove the application of LBB concept to  the WER-440/230 Primary Pip- 
ing. 



The aims of t h e  analysis of a LBB behaviour in the frame of t h e  LBB concept should be: 

- to study whether a crack likely to  be encountered will not reach a critical length and depth during 
t h e  plant's anticipated lifetime; 

- t h e  critical length has to be based on t h e  maximum accident load (MAL, SSE) 

- to study whether a hypothetical through-wall crack will leak a t  a sufficient rate to ensure its detec- 
tion before it can grow to a critical size at  which failure could occur. 

Therefore, the application of the LBB concept to a piping system requires: 

- the demonstration that water hammer, corrosion, creep, fatigue, erosion and environmental con- 
ditions are remote causes of pipe ruptures; 

- to perform a deterministic fracture mechanics evaluation of LBB behaviour and a leak rate evalua- 
tion; 

- t h e  verification that leak detection systems are sufficiently reliable, redundant, diverse and sensi- 
tive, and that margin exsist to detect the through wall flow used ind deterministic fracture mechan- 
ics evaluation. 

The objective of this TACK project is to study whether t h e  LBB concept may be applied to  the primary 
circuit of t h e  following WER-440/230 type units. 

- Novovoronezh 3 and 4; 

- Kola 1 and2; 

taking into account t h e  units' peculiarities. 

3.2 Structure of Proqram 

3.2.1 Main Stage 

The first and main stage of this project is the study through analysis and calculations, whether the pri- 
mary circuit of each plant meets the LBB concept 
requirements, fiq. 5,6. 

3.2.2 Other Stages 

The two other stages are, on the one hand, the determinations of requirements for In Service Inspec- 
tions (ISI) of primary circuit piping and welds to meet the LBB concept, and on the other hand, t h e  de- 
termination of requirements for t h e  necessary Leak Detection Systems (LDS). 

It is not the aim of this project to include the drawing up of detailed requirements for IS1 and LDS. On- 
ly t h e  specification of general guidelines, using t h e  results (critical crack, reference flaw, critical leak 
rate etc.) of t h e  first stage is required. 



3.2.3 Future program 

The IS1 and LDS detailed requirements determination, as well as the finalisation of non destructive 
testing methods (e. g. US testing) and leak detection system could be t h e  purpose of another TACIS 
program. 

4 LBB Procedures used in TAClS 91 /I .2 
The procedures of the LBB concept are based on German and French procedures in respect to LBB 
behaviour, also taking into account international approaches (US, IAEA etc.). 

4.1 LBB Concepts in France and Germany 

The LBB concept will be based on the methodology used in Germany since 1974 (Basic Safety and LBB 
behaviour) and the French methodology since 1987 (based on NUREG 1061). 

For the piping a LBB behaviour (crack growth through t h e  wall even in multiple specified load collec- 
tives producing a leak which can be detected and this leaking crack length having an ample safety 
margin against t h e  ciritical through wall crack length) has to be shown. 

The fracture mechanics approach used for the analysis of LBB behaviour will include 

a) accustomed, conservative methods (limit load and flow stress concept) based on available plant 
specific data (tensile and charpy values). These methods will be used also for screening and sensi- 
tivity analysis of the pipings (Siemens) 

b) more sophisticated elasto-plastic fracture mechanics methods (J-R-curve approach etc. according 
to  NUREG 1061) based on available plant specific data. This method will be used to establish more 
realistic margins for the piping. However, if J-R-curves are not available for t h e  plant specific pip- 
ings generic and mainly not plant speicific data (J-R-curves etc.) or data drawn from t h e  chemical 
composition specification will be used (Framatome, EdF). 

This procedure (a and b) will be adopted by t h e  partners also for the European Pressurized Water reac- 
tor (EP R). 

Both methods (a, b) are verified by tests (Germany, France, USA, IPIRG). 
Method a) is t h e  basis for the "Break Preclusion" (LBB concept), as proven for all German PWR and 
BWR main coolant lines. 

4.2 Procedure in Germany 

4.2.1 Postulated Leaks and Breaks 

The demands for postulated leaks and breaks in the FRG are given in [4]. 
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4.2.2 German LBB Concept 

Breaks can be precluded if the conditions given below are fulfilled. This generally is  called LBB con- 
cept. 

4.2.2.1 Break Preclusion Concept [41 

The Basic Safety Concept Ifiq. 7) (the fulfillment of which leads to the Break Preclusion Concept) con- 
sists of two main prerequisites 

- "Basic Safety" 

- " Independent Redundancies" 

"Basic Safety" is  based oh: 

"Quality Through Production Principle", e. 9.: 

0 Selection of Materials 
0 Mechanical Design 
0 Calculation 
0 Manufacture and Inspection 
0 Quality assurance 

"Independent Redundancies" are based on: 

"Multiple Parties Testing Principle", 
"Wont Case Principle", 
"Continuous Indervice Monitoring and Documer. A o n  Principle" and 
"Validation principle", e. 9.: 

and 

0 Hydrostatic Pressure Test 
0 lnservice Inspection 
0 Leakage Detection 
0 LBB Behaviour 

4.2.2.2 LBB Behaviour {fiq. 8) [l, 41 

The LBB behaviour is  an essential part of the Ureak preclusion concept. 
The critical crack size for ductile material is determined using fracture mechanics. The growth of stable 
cracks is only conceivable due to cyclic loading (corrosion has to be precluded). The cyclic crack growth 
beyond design can lead to two situations: 

First situation: 
Second situation: 

crack growth smaller than critical through wall crack length (LBB) or 
crack growth up to a crack length which is  greater than the critical 
throughwall crack length (B reak-before-Leak). 

If LBB behaviour can be shown, break preclusion is proven with the above stated redundancies; if not, 
break preclusion is  given by applying equivalent safety measures (e. g. ISI, Load Monitoring, Fatigue 
Monitoring, Continuous Inspection) 
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4.2.2.3 Fracture Mechanicslfiq. 8) [5,61 

Fracture mechanics methodology and criteria demonstrate LBB behaviour. Siemens performed nu- 
merous analyses to  preclude breaks based on simplified elasto-plastic fracture mechanics (Flow Stress 
Concept = FSC, Plastic Limit Load = PLL). The acceptability and applicability of these consepts wasdis- 
cussed with and accepted by the authorities in Germany. 

Procedure for fracture mechanics analysis: - defects t o  be considered - fatigue crack growth (FCG)-analysis - demonstration of LBB fatigue crack growth beyond design (2ci) 

a) If the crack grows through the wall by fatigue or the ligament breaks without instability in the 
circumferential or axial direction: 
(2cj < 2c3, than "LBB" behaviour 

(2c i  > 2c3, than "Break-before-Leak behaviour. 
b) If the crack becomes critical before it grows through the wall: 

- analysis of surface crack for end of life (EOL) - through wall crack ( M I C )  stability analysis under maximum loads (2c3 - completeness of loads used for fatigue crack growth and crack stability - leak rate of stable TWC (leak detection) - Leak detection system (LDS) [6,71 

The independent redundancy "LDS" is  verified by conventional LDS (temperature, moisture, etc.) 
and/or acoustic leak monitoring systems ALMS. 

Typical locations of sensors for W E R  440/230 {fig. 9) are defined according t o  the fracture mechanics . 
analysis. 

4.2.2.4 Safety Research 

- Interpretation of Experimental Results for Austenitic and Ferritic Piping 

All available literature on components testing concerning circumferential and axial through-wall 
cracks was evaluated by Siemens. The essential data on the geometry of the components and the 
cracks, on the material properties at test temperature, and on the parameters o f  loading (i. e. inter- 
nal pressure, bending moment) were collected in tables. Now the data of about approximately 500 
experiments are available. 

The conservatism of the Siemens procedures is  checked using these tests. The theoretical value of 
the failure stress is calculated for the crack length at the begin of the tests and the maximum load 
using 

0 for circumferential through-wall cracks: - FSC with material parameter flow stress 
SF = (RPo,~ 3. Rm)/2 for austenitic material and 
SF = (Rm) for ferritic material - PLL with SF = Rpo,~, where RPOJ and Rm are the the yield and ultimate strength, repectively 
and 
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0 for axial through-wall cracks: - RVIZ-formula with SF = Rpo,2 for ferrtic material and 
SF = (Rpo,~ + Rm)/2 for austenitic material - BMI-formula with SF = f Rpo,~ and f = 1.7 - 1.2 Rpo,~ /Rm 

- Circumferential Through-Wall-Crack (TWC) (fia. 10) 

The experimental value of the failure stress (sum of the stresses due t o  measured internal pressure 
and maximum bending moment at failure) is  compared t o  the theoretical prediction. If the ratio is  
larger than 1 the procedures FSC and PLL give conservative results. 

The influence of parameters is  investigated concerning material properties (toughness, tensile Val- 
ues), dimensions of the components (diameter, wall thickness), loading parameters (Internal pres- 
sure, bending moment) and crack lengths. Only the tests with toughness > 45 1 (according to  151) 
are used forthese evaluations and only the material properties of  the corresponding base metal are 
chosen for the prediction, even in the case where the crack was in the weld material. 

- Leakage Area and Leak-Rate 

The verification o f  leakage area and leak rate evaluation by tests is reported in [6,7]. 

4.3 French LBB Concept 

French rules and regulations relating to  pressure components on the one hand, application of the 
RCCM construction code on the other, involve a certain number of requirements in the design, fabrica- 
tion and in-service inspection of pressure pipes in pressurized water reactors; the purpose of these re- 
quirements is  to  guarantee circuit integrity not only during normal operation, but also in the case of 
incidents or accidents. 

Furthermore, French regulatory practice is based on the defense "in-depth" principle implying, for the 
general design o f  the installation, the study of limited number of postulated piping breaks (longitudi- 
nal and circumferential); such breaks may be localized either through conventional approach, or on 
the basis of  mechanistic considerations. Obviously, this method bears heavily not only on the func- 
tional design of circuits, but also on the type of supports and their design. 

For nuclear units in the design phase, the vendor (FRAMATOME) and the utility (EDF) examine the pos- 
sibility of applying the LBB concept criterion to  a certain numberof circuits, particularly the primary 
circuit and various parts of the secondary circuit. Of course, the purpose of such a course of action is  to  
ascertain, in a first stage, whether any simplification can be obtained in certain equipment such as 
supports or pipe whip restraints, or even if they may all together be suppressed. In the longer term, it 
might be possible t o  rethink the entire layout philosophy of an installation and to  arrive at major 
simplifications. 

For the time being, the utility (EDF) has not completed i ts  reflection on the pros and cons of the LBB 
concept approach and consequently French safety authorities have not been officially notified of any 
request for assessment of the acceptability of such an approach concerning existing French PWR. 

In order to  reach an agreement, since 1980, Framatome, the French Utility (EdF) and the Atomic En- 
ergy Commission (CEA) have launched fracture mechanic research programs on the validation of the 
LBB approach applied to  austenitic and ferritic pipings. Framatome, CEA and EdF participate to  the 



IPIRG program (International Piping Integrity Research Group), initiated by NRC. The French safety au- 
thorities support this research activity. 

On the French Utility's request, Framatome has studied the applicability of the LBB concept concern- 
ing the primary loop of reactor N4(1500 MW, 1987 - 1988) [8,91. 

Numerical methods used for analysis of LBB behaviour approach have been developed and validated 
from international benchmarks and comparisons with experimental results. For example, fiq. 1 1 visu- 
alizes comparisons between J-approach and experimental results on TWC pipes subjected to  pressure 
and bending load. Results are drawn from Degraded Piping Program 111 [lo]. 

An important numerical program which involved various detailed finite element analysis has been 
performed to  investigate the significance of mismatch effects on structural resistance of weld [ l  11. 

Leak rate predictions including two phase flow models have been compared to  Siemens investigations 
on Kozloduj. As indicated on fiq. 12, a very good agreement is observed between Siemens and 
Framatome Codes. An important work has been done in order t o  predict properly crack areas espe- 
ciallyfor elbow components [12]. 

Recently, for the Belgium Compagny Tractebel Framatome has analyzed the primary circuit integrity 
of two 900 MWe reactors, using strictly the NRC LBB methodology. 

4.4 Approach t o  be Applied in Russia 

Due to  the experience of Siemens, Framatome and EdF with the analysis of LBB behaviour for 
VVER-440/230 plants (Greifswald, Bohunice, Kozloduj, IAEA) we could take into account the know 
how o f  these analyses. 

As the emergency core cooling (ECCS) capacity of  W E R  440/230 is based on the break of diameter 32, 
the consequences of LBB concept have a higher impact than in Ewropean countries, where LBB con- 
cept only is e.g. for jet and reaction forces. Therefore the LBB concept has to  be intensified. 

The western rules (US-NRC, France, Germany) clearly exclude the containment design, the ECCS perfor- 
mances and the qualification of  the mechanical and electrical equipment from the benefits of the LBB 
analysis. 

The general LBB concept requirements are acc. to  Terms of  Reference (TOR). The LBB behaviour will be 
analyzed acc. to  the German and French procedures. 

5 Status of project 
5.1 Completed Work 

The work has been completed on 

- collection, processing, presentation of initial data 
- experimental work 
- calculation of earthquake stresses 
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- proving the absence of corrosion and erosion damage, water hammer, fatigue 
- The analysis of results of factory / shop and evaluation of defect detectability has been completed. 

5.2 Examples o f  Performed Work: "Listing of required data" 

The national and international approaches need plant specific data. 

In order t o  be able t o  solve the problem TACIS 91/1.2 (LBB concept) according t o  terms of reference 
(TOR) the following required data are listed below. 

These data have t o  be provided for the NPP of Novovoronesh 3 and 4 and Kola 1 and 2. 

The input data are necessary for all welds of the main coolant piping and of the surge line, including 
the bimetallic welds. 

- The data have to  be provided in tables for each weld, including the base material t o  the left and the 
right side. Each weld is characterized by three columns. 

Example: Weld Nr. 1 

Nr. 

- 
- 
3.1 - 

I Title 

I eft I base 
Grade of mat I XYZ 

REM 3.1 : Base material (Left) is ... 
Weld material is ... 
Base material (right) is ... 

- Each data has t o  be categorized (CAT) by 
1. as build 
2. as specified 
3. from other plants 
4. generic 

- The tables are split up according to  subchapten 
1. Assembly drawings 
2. Detail drawings 
3. Material, manufacture, welding 
4. Defects 
5. Stresses 
6. Leak detection 
7. Failure Probability 

- Comments should be given by indexing under "Remarks" (REM) 



5.3 Results of the Analvsis of  LBB Concept 

The preliminary results of the calculation of the LBB behaviour by deterministic and probabilistic ap- 
proach have been obtained. The results show in respect t o  the implementation of  the LBB concept for 
the NPPs following consequences: 

5.3.1 K1, K2-NPP 

Results allow t o  implement LBB concept. 

5.3.2 NV3, NV4-NPP 

Results allow that LBB concept could be implemented, taking into account the results of  the work. 
Realization in 2 steps: 

Step 1 lnteqrity for Normal Operating Condition (NOC) 
It is shown, that a leaking crack can be detected before it reaches the critical size calculated 
from NOC loads. 

Step 2 LBB concept for NOC + SSE (max. acc. load) 
Taking into account (NOC + SSE) loads is  essential for implementing LBB concept with re- 
gard to  TOR-Criteria and LBB behaviour acc. t o  German and NUREG Codes. If the necessary 
improvements (Analysis of seismicity and seismic stresses and/or implementation of addi- 
tional optimized seismic supports, etc.) are realized, LBB concept can be implemented. 

6 Comparison to other WWER-M0/230 plants 
The results fit well into the results of Greifswald, Bohunice and Kozloduj. These results are plotted 
normalized versus the yield strength in fiq. 13. 

The main coolant and surge lines of different WER-440/230 have been analysed in respect t o  LBB 
behaviour [l, 3,6,7]. The conservatism of the analyses can be seen from fia. 13 and 14showing that all 
analyses are below the experimental results. 

Nomograms {fiq. 15) have been developed to  calculate critical crack length, leakage area, leakrate and 
ALMS (acoustic leakage monitoring systems) signal to  evaluate and to  optimize the effectiveness of 
the measures of  the LBB concept. 
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7 Recommendations up to now 

The main recommendations in respect to  LBB concept are: 

0 Analysis of material, defects and loading 

0 Proof of LBB behaviour 

- additional nondestructive testing of welds (ISI) 
- installation o f  an effective leak detection system (LDS) 
- evaluation of dissimilar welds 

(nondestructive testing, toughness properties) 
- LBB behaviour analysis (subcritical crack growth, leakage cradk length, critical through wall crack 

length, leakage area, leakage rate, safety factors) with additional supports. 

Similar recommendations have been derived for the Bulgarian Kozloduj NPP (details see fiq. 16, 
17,181. 

The final recommendations will be given in the Final Summary Report. 

8 Further work 

1. 

2. 

3. 

The (first alternative) straight forward way: 
installation o f  (additional) supports. 
This requires multi-variant calculations of stresses in the pipes with the purpose of optimizing the 
number and location of supports, procurement of supports, (analysis of building t o  take over the 
loads) and their installation. 

The (second) alternative way is  t o  clarify the level o f  site seismicity, t o  take into account the damp- 
ing effect and (elastic-) plastic stresses when doing the stress calculations. Maybe in this way we 
will justify the acceptable level of stresses and the installation of supports will not be needed. 

The (third) alternative way is to  increase the strength of piping by improving the quality of flaw 
detection (and repair) and raising pipe reliability at SSE t o  the acceptable level. 

The last option is  the most economical solution and allows t o  improve reliability not only for SSE 
regimes but for all operational regimes. There are doubts on this solution which would be based 
on probabilistic approaches. 



9 Summary 

In the frame of the TACK 91-project TACIS Programm 91/1.2/LBB the LBB concept of the primary pip- 
ing in the first generation of WER-plants in Russia is investigated. The procedures used in France and 
Germany are applied in this project. 

0 The main safety features and the comparison of design features are given. 

0 With regard to  the lack of a containment and the given restrictions of emergency core cooling sys- 
tems capacities to  small diameter pipe breaks, especially the integrity of the primary system is of 
major concern . 

0 The TACK program is described (aims of program, structure of program, main stages, other stages, 
future stages). 

0 The procedures of the LBB concept are explained (TACIS LBB concept, German and French LBB con- 
cept, LBB behaviour, fracture mechanics, safety research). 

0 The status of the project up to  now is  demonstrated with some results of LBB behaviour . 
0 The results are compared to  other WER-440/230 NPPS. 

0 The recommendations from other plants are reported. 

0 The requirements to  be fulfilled and the redundancies to  be realized (f. i. an adjusted leak detection 
system) are described in detail. 

0 The further work to  be done isdrafted. 
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WER 440 - V 230 
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P 

1 

1 

W E R  440 = V 213 

Main Design Features in Comparison 

Confinement with Pressure 
Relief to atmosphere 

Safety Systems 2 x 100 % 

Confinement with 
Depressurization System 

Safety Systems 3 x I00  % 

Pressurized Water Reactor 

6 SG (6 Loops) 

negative steam bubble coefficient 

2 VER - Plants 
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TACIS '91: LBB 

Management of project execution 
Subcontracts to Russian counterpart 

(as used 
Task 
number 

NIA 
1 + 2 + 3  

6 

7 
8 

9 

I O  

I 1  

Evaluation of Kozloduy data and results- 
Identification of existing data, translation 
in English and supply to Consultant 

12 

13 
14 

3 
1 

15 

Verification on site of the conformity of 
the installation to the design generic 
documents, identification of the differences, 
updating of the documentation 

Interface document between "R" and "C" 

loadings and stresses to taken into account 

an earthquake 
Stress report updating 

Evaluation of data (5 -6)  

Calculation of new thermal expansion 

Calculation of loads and stresses during 

- 

16 

17 

2 

1 + 2  

1 + 2 + 3  
2 

2 

2 

13.124. 11.931 

Provision of the results of existing fatigue 
analysis 
Justification of the absence of water hammer 
Justification of the absence of stress 
corrosion cracking, erosion, corrosion 

Task title 

I 

3 
3 

Listing of required data I l l  

Justification that there is no excessive 
fatigue 
Review and approval of "R" analysis and 
calculations 
Available data relative to materials (base 
metal and welds): yield and ultimate stress, 
toughness, chemical composition 

3 

3 

I 

1 I 

Figure 5 
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Task title 

18 
19 

Data relative to materials: bimetallic welds 
Determination, on the basis of (17) + (18) of 
the properties of materials, taking into 
account thermal aging: stress strain curve, 
tearing resistance, fatigue crack growth law.. 

20 Data relative to non destructive tests 
performed during manufacture, site erection 
and in-service: criteria, control methods, 
results 

21 

22 Research on defect detectability 
23 

Determination of the "reference defect" for 
fatigue crack growth analysis 

Design operating transients to be taken into 
account for the fatigue crack growth analysis 

24 LBB analysis: 
a) Identification of critical areas; 
b) Fatigue crack growth analysis (parametric 

c) Critical crack size, and stability; 
d) Leak rate calculation 

study); 
' 

I 25 ILBB final summary report - English - 
I 26 ILBB final summary report - Russian 

27 Probabilistic LBB analysis 
a) Feasibility study 
b) Estimation of the probability of leak or 

fracture initiation 
28 Project QA programme 
29 Recommendations for IS1 and LDS 

Obtention of agreement (methodology - 
results) of the Russian Regulatory Body 

Notes: (1) See TOR, chapter 5. 
(2) With the support of Consultant. 
(3) Task number are not sequential 
(4) Wniiaes + CSFR 

Phase 
(1) 

2 
3 

1 

3 

4 
1 

3 
3 

3 
3 
3 
3 
3 

All 
5 

3 + 4 + 5  

R = CIS 
C = Consulta 

Figure 6 
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The LBB-analysis in the frame of the WANO 6-Months Programme 
demonstrated various "weak spots" and problem areas (also taking 
into account the experience gained with the analysis for NPP Greifs- 
wald and Bohunice). It is proposed to gather the necessary informa- 
tions as soon as possible, in order to have them available at a later 
stage of the WANO Programme. 

E W The following activities are proposed : I 

- As a concequence of the very high stresses in the SL for the 
additional loading case SSE, the dynamic stress analysis should 
be repeated with optimized supports (especially for the SL). The 
aim is to reduce the relevant circumferential and axial stresses in 
the maximum loaded welds to a level where LBB-behaviour can 
be shown. If there are any necessary modifications of the hard- 
ware the static stress analksis should be updated as well. 

3. 
Ip C CONCLUSIONS AND RECOMMENDATIONS (Kozloduj, 1) 
3 
A 
ar 
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- A volumetric non-destructive examination of all welds in the main pipe- 
werk (e.g. by ultrasonic testing) should be carried out to get informations 
on real dimensions of defects, Le. defect depth and defect length. In ad- 
dition the inner surface of the welds should be examined for defects by 
means of special ultrasonic testing techniques or by surface crack ex- 
amination techniques (if accessible). 

0 a m 

- According to the dissimilar welds at RPV and PR further informations 
about material properties (strength and impact energy values as well 
as crack growth parameters for the various material conditions), defect 
dimensions (by volumetric NDE) and stresses (due to different expansion 
of the various materials) are necessary. 

n 

gi - CONCLUSIONS AND RECOMMENDATIONS (Kozloduj, 2) 
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- A critical review of the operating history is necessary to get better 
information about the loading conditions in the past and about those 
expected in the future, especially : 

= temperature measurements concerning thermal stratification of SL 

= inservice measurements concerning vibrations of MCL and SL 

= evaluation of corrosion damage e.g. by a review of the water 
VI 

w chemistry 

= evaluation of the occurrence of additional dynamic loads besides 
SSE, e.g. water-hammer 

- Assesment of other leak detection systems besides ALMS, e.g. 
monitoring systems handling with humidity, radiation, sump level etc. 

A re-evaluation of the LBB-analysis should be done in due time. 

I? CONCLUSIONS AND RECOMMENDATIONS (Kozloduj, 3) 
cc) 





THE ANALYSIS OF CRACKS IN HIGH-PRESSURE PIPING AND THEIR EFFECTS ON STRENGTH 
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ABSTRACT 

A number of cracks and damages of other sorts have been identified in the high-pressure parts at the 
Ignalina Nuclear Plant. They are caused by inadequate production-and repair technologies, as well as by thermal, 
chemical and mechanical processes of their performance. Several techniques are available as predictions of cracks 
and other defects of pressurized vessels. The choice of an experimental technique should be based on the level of its 
agreement with the actual processes. 

1. INTRODUCTION 

We present the results of our study based on the experimental technique and computer prediction of Safety 
Assessment in Components with Cracks (SACC), which has been elaborated by Swedish experts and applied 
primarily to nuclear equipment in Sweden. The SACC computer program predicts both safety and lifetime of 
construction components with different damages, such as cracks of different locations in pipes, plates and triple 
joints. It evaluates the probability of a collapse of a structure component, as well as propagation rates of cracks 
induced either by fatigue or by corrosion. The following types of cracks were considered, Fig. 1: 

1 I -  I 

b) C) 

Fig. 1 A schematic representation of application of SACC: a> kal crack open at the external surface of a pipe (AI); b> 
axial crack open at the internal surface of a pipe (AV); c> circumferential1 crack open at the internal surface of a pipe 

(ZV) 

The program applies to the above types of cracks for hi t rary stresses. Both linear and non-linear fracture 

The R6 method was applied to evaluate the safety assessment of construction with cracks. The program 
cases can be simulated. 

includes first options of the method 
Ilk 

J(LR ) = (1 - 0.14Li )[0.3 +0.7 exp(4.65L6, )] (1) 



K R  = K I t K I C  s f ( L R )  

L R  = PIPce,, I LF" =OS 

- by brittle failure 

- by plastic collapse 

Here KI - is stress intensity factor, MPadm; KIc - critical stress intensity factor, MPadm; P - active load, MPa; Pcoll - 
collapse load, MPa. 

We separate primary and secondary stresses in the construction components. Primary stresses are induced by 
loads that lead to plastic deformation over the whole cross section. For internal cracks and for internal or external 
circumferentially cracks, bending stress must be known along with primary and secondary stresses. Specific 
properties of the material. such as collapse elasticity and creep limit may be presented for several points in the 
thickness of the wall. This allows behaviour evaluations for a collapse induced by the temperature gradient or by the 
increase of brittleness due to radiation. A variation of the physical properties evaluates two boundary states for the 
hazard of a collapse. For a high creep limit the program simulates an analysis of a linear collapse, and for a high 
utmost elasticity the program simulates the behaviour at a limiting load. It can predict admissible and critical crack 
sizes or admissible and critical loads. 

The propagation rate of a corrosion-induced crack is found from I 2 I: 

with c - size of the crack, m; t - time, h; KO and a - material constants for stress corrosion cracking. 

The same stresses as in pt. 1. must be evaluated. Here we face the absence of any values for KO and a. The 
data source 12 I gives the values for austenitic steels in the cooling water of the reactor. For more exact prediction of 
a collapse, pt. 1 of the program must be run for the final size of the crack. The program covers cracks up to 80 % deep 
in the pipe wall. 

Propagation rates of fatigues-induced cracks were found from the Paris equation / 2 I: 

d c  
d N  

(3) 

here AKI - stress intensity range, MPadq & - material constant for fatigue crack growth, Mpadm. 

In this approach we employ sum stress states, instead of separate primary and secondary stresses, and present 
them as data blocks for cyclic loads: 20 such load blocks can be covered with the number of cycles indicated for each. 
The sequence of summing-up such blocks has no influence on the result. The size of a crack for each number of 
loading cycles should be compared to the admissible size by pt.1 of the program. Cracks below 80 % of the wall 
thickness must be included. The results of any strength-and lifetime prediction of damaged structure components are 
af€ixted by numerous factors, such as geometry, technology of production and repair, physical properties, performance 
and emergency loads, size and distribution of cracks. Most of the factors can only be evaluated with high error rates 
which are inevitably reflected in the resulting prediction. To avoid this, a sensitivity analysis may be performed. It 
also detects the most effective factors and their admissible variation ranges. As the result, closer predictions may be 
achieved for individual case. 

2. MECHANICAL PROPERTIES OF METALS AND THEIR STRESS STATES 

Our strength-and lifetime analysis of pressurized vessels covered 0 325x15 pipes of group distributors of 
OSX18HlOT stainless steel. They are used for the most important components of nuclear reactor, the results of their 
defectoscopy are treated with utmost seriousness I 3 I. 



The 08X18HlOT steel of the pipes of group distributors bears numerous damages of production and repair, 
such as voids and cracks of inter-crystalline corrosion induced by super-heating in repair. See Table 1 for the physical 
properties of the steel 

o,, - ultimate strength, MPa; oy - yield strength, MPa; Eo - relative elongation, %; A - relative transverse contraction, 
%, 

Utmost admissible temperature for the 08X18H10T steel is 600 C, its thermal resistance is high enough at 
550 to 600 C, it is corrosion-proof in water at temperatures up to 360 C and in steam-water mixtures at temperatures 
up to 650 C. Its corrosion rate at 260 to 315 C is 0.0003 to 0.0018 &year. 

The pipes operate at internal pressures up to 8.4 MPa, the stresses they induce are primary stresses. The 
pipes are welded, residual stresses of welding for austenitic steels are secondary stresses, they are determined by / 2 /: 

(r rs = 1.650 (4) 

Lifetimes of the pipes were determined for residual stresses of welding, there being no data on residual 
stresses of rolling, bending and other technologies. The influence of the global bending stress was included because of 
its high probability. 

3. A STRENGTH ANALYSIS OF A PIPE WITH AN INITIAL CRACK 

3.1. Estimation of danger failure 

Our analysis covered 0 325x15 pipes of steel with cracks. Their strength was determined for variable creep 
limits, utmost resistance, critical stress factors, crack sizes and external loads. Working temperatures and internal 
stresses were assumed. Admissible and critical crack sizes were determined for variable physical properties. A 
proportional longitudinal and transverse increase of the crack on a pre-given ratio was assumed. Admissible and 
critical depths of the cracks are presented in Fig. 2. They suggest an insignificant influence of the length-todepth 
ratio on the utmost size of a crack for stresses below 120 MPadm. For circumferentially cracks, important effects of 
global bending stress and of creep limits of the steels were included. The latter also determines local bending stress in 
the wall. Axial external cracks are closed up by the internal pressure and are not dangerous. For axial internal cracks 
the critical stress and the limit creep values are most important. 

3.2. Effects of Cracks on Lifetimes of Pipes in Aggressive Media 

Propagation rates of cracks in aggressive media may be enhanced by corrosion. The processes are still more 
active in the presence of stresses. The influence of corrosion is extremely evident in cracks in contact with the 
circulating heat carrier, the steam-water mixture, that is when they are open the internal surface. Propagation rates of 
such cracks are closely related to electrochemical metal-fluid reactions and to near-cracks stresses in the metal 
surface. 
Our analysis refers to the lifetime of a pipe as a function of residual stress, see pt.2, for variable factors of the 
surrounding conditions and of the electrochemical behaviour, which are not known for the metal studied. The other 
effects were those of the crack size and of global bending stress for circumferentially cracks. Important influences of 
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residual stresses were observed over the whole range studied. For better lifetime approximations of construction 
components with cracks in aggressive media, ways must be sought of evaluating the intensity of residual stresses. 
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Fig. 2 Critical and acceptable crack depth of a pipe 0325x15 as a function of rate Va ( 0 ~ = 9 1  MPa ,0,=200 MPa, ) 

A very high influence of global bending stress on the lifetime of a pipe was stated for circumferentially 
cracks, Fig. 3.Such stresses must be included in any analysis of components with circumferentially cracks. For 
residual stresses up to 200 MPa, the lifetimes are very different for axial and for circumferentially cracks. 
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Fig. 3 Lifetime of a pipe 0325x15 as a function of residual stress ( oph=91 MPa (AV), and 45.5 MPa (ZV ), 0,=200 
MPa, &=6.02 MPadm, a=2.161) 

Our analysis of the initial depth of a crack suggested its influence on the lifetime only for small depths and 
low residual stresses, Fig. 4. At higher residual stresses, lower influences of initial crack sizes on the lifetime were 
predicted. 
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Important influences of factors for corrosive surroundings and for physical properties were found, Fig. 5. 
Lifetime predictions of structure components with cracks in aggressive media should include exact values of the 
above factors. 
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Fig. 5 Lifetime of a pipe 0325x15 in aggressive media for variable surrounding condition 
(ob*, o ~ e 1  MPa, oy=180 MPa) 

nd physical properti S 

Lifetime predictions of structure components with cracks and with a probability of corrosion must include 
data on residual stress, bending’s stress for circumferentially cracks, and factors for the surrounding conditions and or 
physical properties. 



3.3. Propaeation of Fatime-Induced Cracks 

The piping was designed to operate under static loads whenever possible. Variations of internal pressure and 
of temperature occur at launching, stopping and emergency situations. Therefore the number of loading cycles of 
important amplitudes of the stress is by no means large. 

Another source of loads is due to changes in the conditions of joining and in the mass exchange, it may lead 
to oscillations of the pipes. This is extremely important for long pipes. 

We included in our study the case of an circumferentially crack and assumed the following initial conditions: 
- global bending stress f 2.5, f 5, f7.5 MPa; - initial crack length 1,4 and 8 mm; - initial length-todepth ratio 2,3 and 4. 
To evaluate the influence of physical properties of a pipe on its lifetime, several values of & were 

computed. The value of & was chosen from the data source / 2 / for austenitic steel SS 2333 in the reactor water 
environment for 8 ppm oxygen at 288 C. The values were &=31.2(1-R)0.5 and 
n=3.45. 

The tests suggest some influence of the length-todepth ratio only for small initial depths ( a= 1 mm), and 
no important influence for larger values of a ~ .  Important influences of factor & of global bending stress ob and 
initial crack length were noted. The effects of these factors on the lifetime of a damaged pipe are presented in Fig. 
6, Fig. 7 and Fig. 8. 

+s,bg = 6 MPa 
+s,bg = 10 MPa 

1.7 2 .2  

deltaK-0, MPa m 
2 . 5  

Fig. 6 Durability of high pressure pipe 0325x15 mm as a function material constant for fatigue crack growth 
( 0 ~ = 9 1  MPa , 0,=200 MPa, R4.5 ) 

4. CONCLUSIONS 

Tbe influences of cracks on lifetimes of 0 325x15 steel pipes 
were studied by the Safety Assessment of Components with Cracks technique elaborated in Sweden by Svensk 
Anlaggning sprovning . 
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Fig. 7 Durability of high pressure pipe 0325x15 mm as a function material constant for fatigue crack growth 
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Fig. 8 Durability of high pressure pipe 0325x15 mm as a function material constant for fatigue crack growth 
( o e = 9 1  MPa , oy=200 MPa, R 4 . 5  ) 

The predictions assumed conservative evaluations of residual stresses related to the creep limit of the metal. 
More favorable predictions of strength and lifetime could be achieved with more exact values residual stress. 

Our study of strength and lifetime of 0 325x15 steel pipes under the effects of cracks leads to the following 
conclusions: 

1. For an axial crack open at the external or the internal surface of a pipe, both the admissible and the 
critical sizes of the cracks are closely dependent on the critical stress factor of the steel. Any evaluation of safety must 
include experimental values of critical stress or of fracture toughness. 

2. For circumferentially cracks open at the internal surface, the critical crack sizes are closely related to 
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global bending stresses in the pipe walls. Their values must be known in any prediction of the effects of a crack. 
3. Crack shapes described as their length-to-depth ratios are less important in the range (l/d = 3 to 5) 

studied. A sensitivity analysis may be performed with just one of the dimensions to check up the reliability of a result. 
Lifetime evaluations of damaged structure components subject to corrosion must include the values of factors 

for the physical behaviour of the metal in corrosion and for the corrosive surroundings. 
Propagation rates fatigue-induced cracks depend on their behaviour in fatigue and on the type of loading. 

Any lifetime evaluation of a damaged pipe must include data on its cyclic load, as well as on frequency and amplitude 
of its oscillation. 
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ADVANCED LBB METHODOLOGY AND CONSIDERATIONS 
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ABSTRACT 

LBB applications have existed in many industries and more recently have been applied in the 
nuclear industry under limited circumstances. Research over the past 10 years has evolved the 
technology so that more advanced consideration of LBB can now be given. Some of the advanced 
considerations for nuclear plants subjected to seismic loading evaluations are summarized in this 
paper. 

INTRODUCTION 

The application of LBB in the nuclear industry is founded on four basic principles: 

(1) Identification of the locations where loads are high in the piping system 

(2) Postulation of credible-sized flaws at the high-stress locations, based on leak rate or 
NDE detectability 

(3) Evaluation of the critical flaw she that would result in unstable crack growth, Le., a 
double-ended pipe break 

(4) An assessment of the margin between the postulated flaw and the critical flaw. 

Since the concept of LBB was first advanced for eliminating the dynamic effects of postulated pipe 
ruptures from the design basis in nuclear power plant piping, knowledge of material property 
behavior has grown considerably, improvements have been made in leak-rate evaluation, and the 
state of the art in fracture mechanics has advanced considerably. These enhanced capabilities allow 
plant ownerddesigners to take advantage of additional margins that were not previously known or 
they allow them to avoid unconservative conditions in LBB. 



MATE= BEHAVIOR CONSIDERATIONS 

Material behavior considerations in LBB applications have been dominated by quasi-static specimen 
testing at plant operating temperatures. More recently, research has suggested that high-rate, i.e., 
dynamic results typical of a seismic event, and cyclic effects may play a significant role in 
determining the ultimate behavior of a crack in a pipe. Furthermore, there is evidence, based on 
the results of pipe and specimen fracture testing, that these two effects interact. 

Figure 1 shows a functional relationship between the ratio of cyclic to monotonic J and the yield- 
to- ultimate strength ratio (J in this case is J after some small  amount of crack extension). The 
data suggest that the cyclic J is a fraction of the monotonic J and that the cyclic effect is material 
independent. The data also suggest that as the ratio of yield to ultimate strength increases, cyclic 
effects begin to disappear. In this figure, fully reversed cyclic loading (R = -1) data were used. 
Evaluation of trends with different R-ratios is in progress. Additionally, analytic work has shown 
that the R-ratio tends to be more negative in cracked pipe than uncracked pipe (Ref. 1). 

The effect of loading rate on J is shown in Figure 2. In this case, there are different curves for 
ferritic and austenitic steels. For the case of austenitic steel, the data suggest that toughness is 
generally greater under dynamic loading, while for ferritic pipe materials, there is a reduction in 
toughness under dynamic conditions for the lower yield-to-ultimate strength ratios and an increase 
in toughness for the higher yield-to-ultimate strength ratios. In either case, the effect of dynamics 
becomes more pronounced as the yield-to-ultimate strength ratio increases. 

In many practical LBB evaluation cases, Le., under seismic loading, cyclic and dynamic effects are 
combined. In some cases the effects are additive and other cases the effects compete. The data 
indicate that using quasi-static toughness data, as has been traditionally done, may not be adequate 
for all cases. 

LEAK-RATE EVALUATION CONSIDERATIONS 

The application of LBB methodology frequently requires the calculation of leak rates from through- 
wall cracks. Traditionally, idealized crack geometry conditions are assumed when leak rates are 
calculated. There are, however, other factors which have been recently identified as having a role 
in determining the leak rate that could impact a decision to implement LBB in a plant. 

Residual Stresses 

Pipe-to-pipe, pipe-to-elbow, pipe-to-valve, and pipe-to-reducer welds in nuclear power plants all 
represent potential sites for initiation of cracking. Frequently, such welds are not stress relieved, 
so there are residual stresses that will modify the crack opening (Ref. 2). 

The data in Figures 3 and 4 indicate that the effect of residual stress is more pronounced when the 
applied stress is low and that thinner-wall small-diameter pipe is more affected by residual stresses 
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than thicker-wall large-diameter pipe. The large-diameter pipe al&ays exhibits more COD at the 
surface when residual stresses are present. The smalldiameter pipe, on the other hand, has a 
larger inner surface COD, but smaller outer surface COD. Consequently, the crack-opening area 
and the subsequent leak-rate calculations can be affected by the existence of the residual stresses. 
In fact when (6M+,~&)x100/6M reaches a value of -100, the COD is zero, Le., the crack is 
closed. Furthermore, even if the crack is not completely closed at the center, it will be closed at 
some point along the length. 

From a design perspective, the fact that the residual stresses may close a crack is good, because it 
means that a larger moment is required to get a given leak rate. However, from a leak detection 
perspective, closing of the crack by residual stresses implies that there may be a bigger crack than 
the leak rate would suggest. 

Crack Morphology 

The key crack morphology variables typically considered in leak-rate analyses are surface 
roughness, number of turns in the leakage path, and entrance loss coefficients. Examination of 
service cracks, however, shows that cracks frequently do not grow radially through the thickness; 
so the leak path may be considerably longer than expected. Current leak-rate calculations also do 
not explicitly account for the effects of crack-opening area on the crack-morphology parameters. 
Lastly, most leak-rate calculations are deterministic and ignore the probabilistic distribution of 
crack morphology variables. Including the effects of crack-path length and COD dependence, and 
treating the leak-rate analysis in a probabilistic fashion, as illustrated by the data in Figure 5,  will 
give a more realistic calculation of leak rate (Ref. 3). 

25 
BWR Pipe 

Leak R a t e  - 3.79 llmin (1 gpm) 
Mean = 0.1794 m 
St. Deviation = 0.0208 m 

20 

15 

10 

5 

n 

18 

0.17-0.18 
U 

<0.14 0.1 5-0.1 e 

13 

100 Simulations 

4 4  
I 1  

0.1 0-0.2 0.21 -0.22 r0.23 

Crack Length, m 

Figure 5 Probabilistic histogram of leakage flaw sizes in a pipe for 3.79 litedmin (1 gpm) 
leak rate at 50 percent of ASME Service Level A stress limit 
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FRACTURE MEc&AM[CS CONSIDERATIONS 

The ductile tearing moment-carrying capacity of flawed pipe has been a subject of study for many 
years. In spite of the tremendous advances in fracture mechanics over the past several years, the 
state of the art is still moving forward at a rapid rate. New experimental data and new analytical 
developments are changing the perspective of how to perform LBB analyses so that the margin 
between the detectable flaw and critical flaw can be known with more certainty. 

Displacement-Controlled Versus Load-Controlled Stress Classifications 

The role of stresses classified as load-controlled (primary) or displacement-controlled (secondary) 
in pipe fracture has been a subject of debate for many years. In some treatments, only load- 
controlled stresses are assumed to be able to propagate flaws, while in others, both classifications 
are considered. There also is considerable debate as to just how to classify stresses arising from 
inertial loads or seismic anchor motion. In most typical LBB evaluations, linear stress analyses are 
utilized, so in setting limits based on elastically calculated stresses, consideration must be given to 
what stresses should be included in the calculation and what effect the stresses have on crack 
propagation. 

Results from the IPIRG-1 program, Figure 6 ,  showed that if the flaw is large and nominal stresses 
were below yield except at the crack, thermal expansion, seismic anchor motion, and inertial 
stresses all acted as primary stresses (Ref. 4). For smaller cracks, nominal stresses will be above 
yield so some nonlinear correction on elastically calculated secondary stresses will be required. 

There currently are no data to provide a complete methodology for high stress conditions. 
Analyses, such as shown in Figures 7 and 8 suggest that if primary stresses are below yield and 
secondary stresses are displacement controlled, the effect on allowable crack size is not large. In 
the case of high primary stresses and/or inertial stresses above yield, considerable data and 
developments will be required to produce the necessary models needed to continue to effectively 
use elastic analyses. 

Combined Torsion and Bending Stresses 

Crack growth out of the plane of the circumference has been observed in a large number of 
circumferential through-wall carbon steel pipe experiments. In these experiments, angled crack 
growth is of little practical concern because the maximum loads for angled crack growth are 
greater than those for straight cracks. In real piping systems, however, pipes are subjected to both 
bending, tension, and torsional stresses and these combined stresses may be more detrimental than 
expected because of the propensity of cracks to grow out of plane. 

A convenient vehicle for handling combined torsion and bending is to use a straight pipe analysis 
and to consider the crack to be loaded with an effective moment: 
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MeK = {Mi + ( c ~ T ) ~  

where MB=bending moment, T=torsional moment, and c,=effective moment factor. 

Based on extensive finite element calculations with both straight and angled cracks, and various 
combhations of tension, torsion, and bending, an effective moment based on a value ce = f i / 2  
yields the best fit for crack-driving force, crack-opening area and crack-opening displacement for 
combined load cases when used in pure bending analyses (Ref. 5). 

This result, illustrated by the plot in Figure 9, allows the use of simple engineering estimation 
schemes for determining fracture parameters when torsion is present. The limitation to this, 
however, is that the supporting analyses for this conclusion are limited to very small amounts of 
angular crack growth. Nevertheless, the effective moment concept can be used for combined 
loading involving torsion and is valid for all leak-rate calculations of concern to LBB analyses. 

Margins Gained by Nonlinear Time-History Analyses 

Prediction of the behavior of flawed piping sections is very much dependent upon the specific 
geometry, material properties, and globally applied loads of the piping system, Le., to know the 
crack-driving force, the piping system response must be precisely estimated. 
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are to be compared) 

The method that Battelle has pursued (Refs. 6 and 7) for dynamic analysis of flawed piping uses 
nonlinear springs to represent the moment-rotation response of the crack, Figure 10. Energy 
dissipation, due to cyclic loading of the nonlinear crack prior to initiation, is an inherent part of the 
analysis described above. Loading past maximum moment, transition of a surface crack to a 
through-wall crack, reinitiation of a crack that has already extended, crack opening as a function of 
time for blow-down or thrust-load calculations, and direct assessment of the propensity for a 
DEGB are also possible. 

Figure 11 compares the crack-section moments from an LBB-style linear analysis and a nonlinear 
spring (cracked-pipe) element analysis. Whereas the LBB analysis indicates a failure at an SSE 
loading, the nonlinear analysis indicates that the flaw will survive a 3 SSE seismic load. A margin 
of 5.35 on moment is indicated by the nonlinear analysis in this case (Ref. 1). 

The Effect of Low Cycle Fatigue During a Seismic Event 

In a cracked-pipe system subjected to seismic loading, for a sufficiently shallow crack, fatigue 
crack growth will govern until the crack reaches some critical size and the mode of crack 
propagation switches to ductile tearing. In order to make an accurate prediction of cracked-pipe 
behavior for LBB, the low-cycle fatigue mechanism should be included. 



Figure 10 Battelle nonlinear-spring (cracked-pipe) element model 
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Figure 11 Comparison of linear and nonlinear crack-opening moments for 3 SSE seismic 
loading of a 75-percent deep 360-degree surface crack with a 518-mm (20.4 inch) 
long leaking through-wall crack for the U.S. DOE New Production Reactor 
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For high and low cycle fatigue, the kinetic equation for the crack growth process is characterized 
by the well-known Paris equation for high cycle fatigue crack growth, 

d" = c(AK)" 
dN 

where a=crack Iength, N=number of fatigue cycles, C and m parameters of the Paris equation. 

Provided that AK is less than the critical value which would cause ductile tearing in a pipe, the 
growth of the crack due to fatigue cycling can be obtained by integration on a cycle-by-cycle basis. 

The driving force for ductile tearing is the J that is applied to the crack, while the driving force for 
fatigue crack propagation is AK. Fortunately, in the linear elastic regime, J is related to K by the 
following expression for a plane stress condition 

AK = 4iET (4) 

where E=elastic modulus of the pipe material. 

In the case of cracks undergoing reversed loading (crack closure), the cyclic AJ using the Dowling 
approach can be related to the maximum deformation theory J applied in a loading cycle by , 

AJ = PJ 

where /3 is a multiplier that determines the Dowlig operational AJ during the load cycle (Ref. 8). 

Applying this fatigue evaluation technique to the nonlinear cyclic loading shown in Figure 11 , the 
total crack length is predicted to increase by 48 mm (1.89 inch) as shown in Figure 12. The crack 
extension is not significant enough to make the leak-rate area unacceptably large. 

SUMMARY 

The LBB concept for nuclear power plant piping is predicated on a good understanding of fracture 
mechanics, stress analysis, and leak-rate analysis. With carefully executed experiments and timely 
analytical developments as the basis, the LBB concept has matured to the point of being an 
accepted design philosophy. This paper has briefly summarized some newly discovered analysis 
techniques and data that will, eventually, impact implementation of LBB. All of these ideas are 
quite new and thus require further evaluation and validation. In most cases, the data and ideas 
offered in this paper are refmements of existing technology/data that w a  help to more accurately 
quantify margins in LBB design for seismic applications. 
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ABSTRACT 

This paper addresses the c- 'on of axial internal flaw found during 
inserviCe hspecticm of 8 pipe. J-integral distribution for various flaw shapes is 
obtained using line spring finite element method. The peak J-value and its 
dhibution across the crack is found to be c- 'c feature of each shape. The 
triangular shape yields peak J-value away from the &e, the point of maximum 
depth. The elliptic approximation resub in large overestimate of J-value fm 
umgmm&ic flaws. Triangular approximation is recommended for such flaws so that 
furtherservicecanbeobtained fi-omthe component. 

INTRODUCTION. 

ASME Boiler and Pressure Vessel Code[l] requires regular inservice inspection 
of nuclear power plant components. Any flaws detected during hspection need to be 
Characterrzed by shape and dimensions according to paragraph IWA-3300 of the 
Section XI, Division 1 [ 11. For structural integrity d y s i s  an elliptic flaw model of 
the size given by rectangle bound= the flaw geometry is common. The calculations 
in the code for obtaining maximum crack loading intensity take shape of the flaw 
into account by a shape factor Q which varies with ellipse aspect ratio. 

The above simplified procecture yields conservative estimates of stress intensity 
factor for simple crack shapes. Though code calculations are based on elliptic crack 
shape, the code permits use of other procedures for Calklating llzBxitllufll stress 
intensity f&r. For flaws having complex geometry and stress distribution, the 
maximum stress intensity factor may not occur at the point of maximum crack depth. 
For such flaws, the effect of shape on the stress intensity factor becomes imptmt. 
The elliptic approximation may promote conservatism and force the component out 
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of service, while more regomus ptocedure may accept the componerrt till next 
impection. The present work addresses the influence of crack shaj~ on the stress 
intensity factor and its distribution. 

The influence of crack shape in Case of plates under tension has been reported by 
Shhtori and Miyosbi[2]. The case of irrternal axial suTf8ce crack in presmized pipe 

for 
various crack shapes using elasto-plastic material behaviour and finite element 
method. The results for Circular, rectangular and triangular crack shapes are 
compared to those for elliptical shape of identical size. Non-elliptical approximation 
of crack shape is seen to be more appropriate for umymmetric flaws. 

is treated here. The crack loading in terms of J-integral value is deterrmned 

FINITE ELEMENT MODELING 

The finite element analysis of a straight pipe with itrternal axial surfkce flaw is 
carried out using "AJ3AQUS" code For the symmetric crack shapes, the symmetry 
about two planes is utilized to keep the size of the model small. Eight noded thick 
shell elements (SFR8) are used for the surface of the pipe and crack is modelled 
using line spring elements. Near the crack end, d e r  elements are employed to 
account rapidly changing geometry(Fig. 1). Shell discretization used fine mesh near 
crack while coarse mesh was used in the regim away fiom the crack Multipoint 
wmtmhts fw allowed interfacing different mesh regions. Fig. 2 shows the crack 
shapes considered inthe analysis. The loading coflsisfs of internal presswe only. The 
pipe length of approximately 14 times the crack length is modelled to make the 
influence of pipe length on the results negligible. The properties of the material [3] 
are given as: 

Modulus of Elasticity: 183 18 kg/(sq.nrm) 
Yield Strength : 18.58 kg/(sq.nrm) 
Utimate Strength : 40.84 kg/(sq.mm) 
Hardening approximation : isotropic 

NUMERICAL RESULTS 

The valiam of the finite element model using three dimensional finite element 
results is already reported in refmce[4]. Two crack depths were studied here. The 

applied pressure is shown in figures 4a and 4b for M o w  (ak0.25) and deep crack 
(akO.75) respectively. For all crack shapes, the peak J - h k g d  values increase 

peak J- irrtegral values obtained for Syrmnetri~ c d & a p e ~  and theit ~8fiBfi011 with 
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rapidly once the average hoop stress (based on uncracked pipe thickness) approaches 
the yield strength. However, due to considerably high hcture toughness, the crack 
sextension is not likely unless pressure increases M e r .  From the comparison of 
results for different shapes, the triangular crack appears to produce least crack 
driving force while rectangular crack results envelope other results. The differences 
in the values are negligible during elastic deformation but become significant after 
yield zone developes. 

The J-integral distribution for elliptical, rectangular and triangular symmetric 
cracks is shown in figures 5 through 10. The distribution is flatter for rectangular 
cracks in comparison with that for elliptical cracks. The rectangular crack may 
experience extension wide across the cracEont due to flatter distribution of J- 
integral. On the other hand, the J-integral values for triangular crack (Figs. 9,lO) 
show an interesting feature, more prominently for deep crack (Fig. 10 ). The J- 
integral increases with pressure but peak value does not ocuur at centre where depth 
is maximum. After yield zone developes, the peak J-value occurs at approximately 
x/c = 0.5 and the peak point starts moving towards the centre with increasing 
pressure. The J-value at centre is approximately 20 YO less than the peak value for 
normaked pressure 1.176. This indicates that the initial crack extension will not 
occur at centre, but away from centre. For a given crack extension normal to the 
ficmt, the area uncovered by crack will be more for locations away h m  the centre. 
Moreover, the normal to the crack fiont is not uniquely deked at &e of crack. 
Hence crack extension process may choose locations such that the crack shape 
becomes smoother af€er the growth. These features are absent in the J-distribution for 
rectanwlar or elliptical cracks(Figs. 5-8) This implies that the shape will have 
strong influence on crack growth and final shape. 

In order to demonstrate the effect of irregular crack shape which may be found 
during inservice inspection, an arbitrary shape shown in Fig. 11 is considered. The 
distributions of J-integral for the correct geometry, elliptic approximation following 
the ASME code and unsymmetric triangular shape approximation are presented in 
Fig. 12. It can be seen that the triangular approximation UnderestifllZLfes the crack 
driving force by a negligible amount at lower pressure and follows the shape of the 
distribution closely throughout the crack length. The elliptic approximation yields 
large overestimate of the J-integral, the difference being highest at shallow end of the 
crack. At slightly higher pressure, the agreement between J-values for triangular 
approximation and those for real geometry is quite close with no overestimate. The 
elliptic approximation, lawever, gives large over- (approximately 30%) of 
crack driving force at higher pressure. Thus the use of elliptic approximation, though 
simple due to availability of results in the code, may result in the rejection of the 
component with useful service life. The reason for this behaviour is the asymmetry 
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of the triangular shape. The effect of eccentricity on the J-integd distribution is 
shown in Fig. 13. The dip in the J-value at centre is a c h a r m c  of symmetric 
shape only. As the eccentricity increases, no such reduction is observed and the pint 
of maximum J-value slowly ShiRS towards the point of marzimUm depth. The peak J- 
value is only slightly & i  by the emmtricity. 

CONCLUSIONS 

For an axial interd SuTface crack in a pipe subjected to internal pressure, the 
crack driving force (J-integral) distribution cappears to be strongly influenced by 
carck shape. The peak J-value and its.distribution at higher pressures is the 
C- 'c f e e  of each crack shape. The peak J-value for triangular crack does 
not OCCUT at centre, the point of maximum depth, but slightly away from the centre. 
The elliptic approximation results in large over- of stress intensity for 
uqmmetric cracks. ASME code results become overly conservative for these cases. 
For such cracks, triangular approximation yields more accurate estimate of stress 
intensity and may allow further service of the componenf while elliptic 
approximation may reject the component. 
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Fracture Analysis of Axially Cracked Pressure Tube of Pressurized Heavy Water Reactor 

Suresh Kn'shnan, Vivek Bhasin, H.S. Kushwaha, S.C. Mahajan, A. Kakodkar 
Reactor Design & Development Group, Bhabha Atomic Research Centre, Bombay, India 

Abstarct 

Three Dimensional (3D) finite element elastic plastic fracture analysis was done for 
through wall axially cracked thin pressure tubes of 220 MWe Indian Pressurised Heavy Water 
Reactor. The analysis was done for Zr-2 and Zr-2.5Nb pressure tubes operating at 3OOOC and 
subjected to 9.5 Mpa internal pressure. Critical crack length was determined based on tearing 
instability concept. The analysis included the effect of crack face pressure due to the leaking 
fluid from tube. This effect was found to be significant for pressure tubes. The available formulae 
for calculating J (for axially cracked tubes) do not take into account the effect of'crack face 
pressure. 3D finite element analysis also gives insight into variation of J across the thickness of 
pressure tube. It was observed that J is highest at the mid-surface of tube. The results have been 
presented in the form of across the thickness average J value and a peak factor on J. Peak 
factor on J is ratio of J at mid surface to average J value. Crack opening area for different 
cracked lengths was calulated from finite element results. 

The fracture assessment of pressure tubes was also done using Central Electricity 
Generating Board R-6 method. Ductile tearing was considered. 
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1.0 Introduction 

The pressure tube of Pressurised Heavy Water Reactor (PHWR) is a thin walled tube and is one of its 
key component. Demonstration of Leak Before Break (LBB) and assesment of hcture safety of pressure tube 
is important from the overall stand point of structural safety. One of the important elements in the assesment 
of safety is the margin between an existing axial through wall flaw and the critical crack length. The size of 
such a through wall crack can be assessed by monitoring the leak rate. If the size of the crack is less than 
critical crack length sudden rupture of the pressure tube and hence sudden loss of coolant accident is 
avoided. 

3-Dimensional (3D) Finite Element @E) Elastic Plastic Fracture (EPF) analysis was done for 
through wall axially cracked pressure tubes of Indian PHwRs. The crack opening area for Merent crack 

. lengths and critical crack length was evaluated based on FE results. The analysis was done for normal 
operating pressure and temperature. During operation in reactor environment the mechanical properties 
.(strength, ductility and fracture toughness) are considerably affected due to neutron irradiation and 
hydriding, [1,2]. Although, the present analysis does not consider the change in mechanical properties but it 
is st i l l  valid for fresh tubes or those which have undergone only a few full power years of operation. 

The parameter used to characterise the crack driving force in the present analysis is the J-Integral. 
Many closed form solutions of J-Integral for through wall axially cracked pipes are available in literature. 
For an elastic perfectly plastic material Folias, p] or Zahoor formula, [4] is applicable. In these formulae 
effect of the pressure exerted on the crack faces by the leaking fluid has not been considered. In case of 
pressure tubes this crack face pressure increases the values of J-Integral and crack opening area significantly 
and also reduces the collapse load. The closed form formulae are based on thin shell theory and yield average 
J-Integral values across the wall thickness, whereas, 3D FE analysis gives insight into the variation of J 
across the thickness of the tube. It was found that J values are maximum at the mid layer of the tube. In this 
work, the results have been presented in terms of average J values. A peals factor on J which is defined as the 
rhtio of maximum J to average J across the thickness is also evaluated. 

The fracture assesment of pressure tubes was also done using Central Electricity Generating Board 
(CEGB) R -6 method, 151. Ductile tearing was considered. 

2.0 Structural Details and Material of Pressure Tubes 

The pressure tubes house the reactor fuel. The heavy water coolant at about 29OOC and 9.5 MPa 
pressure (maximum) flows through the pressure tubes. There are 306 pressure tubes in a 220 W e  Indian 



PHWR. Each pressure tube is surrounded by a calandria tube. The annular gap between the two is 
maintained by garter springs, fig.1. In older P H W  the pressure tubes are made of Zr-2 and air circulates 
through the annular space. In newer PHWRs, the pressure tube material is Zr-2.5Nb and air is replaced by 
CO, gas in the annular gap. The annular gas is being monitored. 

1: Pressure Tube 
2: CalanJria Tube 
3: Garter Spring 

Fig. No.1 Pressure Tube - Calandria Tube Assembly 

The Zr-2 pressure tube is about 4.0 mm thick having an inner diameter of 82.6 mm and is about 5.4 
m long. Zr - 2.5Nb pressure tubc is 3.32 mm thick with an inner diametcr of 82.6 mm and are 5.4 m long. 
The mechanical properties of both the prcssure tube materials are givcii in Table 1, 161. Thc strcss-strain and 
J-Resistance data was taken fiom reference [ 6 J . 

Table 1 : Mechanical Properties of Zr - 2 and Zr - 2.5Nb at 3OOOC 

Material Youngs Poisson's Yield Ultimate JIC 
Modulus ratio stress Strength' 
( GPa 1 ( MPa 1 ( MPa 1 (N/mrn) 

Zr -2  78.8 0.43 396.25 408.25 84 
Zr - 2.5Nb 78.8 0.43 563.67 594.67 289 

3.0 Finite Element Modef 

The pressure tube was modelled using 3D 20 noded brick elements with reduced integration scheme. 
Collapsed quarter point singular elements were eniployed around thc crack tip to model the singular stress 
field. Fig.2., shows the quartcr symmclric FE modcl. Near thc crack tip thc mcsh is cstrcrncly rcfined. A 
coarser mesh was employed in other regions as the stresses arc likely to bc within clastic limits. Only a small 
length of the pressure tube was modelled. 

Fig. No.2 Quarter Symmetric Mesh of Pressure Tube 



Internal pressure loads were applied to the inside surface of the model. An equivalent end 
pressure load was applied to simulate the axial stress induced by the pressure acting on the closed ends 
of the tube. The leaking fluid wil l  exert force onto the crack faces. The effect is considered by assuming 
crack face pressure equal to internal pressure. 

4.0 Elastic - Plastic Fracture Analysis 

The elastic plastic fixture analysis was done using the finite element computer code 'Al3AQUS' , 
[7]. For the present study, J-Integral values were obtained from 5 sets of concentric contour paths. For each 
contour, the J values were obtained at three Werent locations across the thickness of the tube viz., inner 
mfkce, middle surface and outer surface. The average value of J across the thickness is computed by the 
Simpson's average formula. In order to get insight into the variation of J across the thickness, a peak factor on 
J was evaluated as the ratio of J value at the middle nuface (Jmid) to the average J value across the thickness 
(Javg). It was found that J value is highest at the middle surface of the pressure tube. 

Peak Factor = Jmid l Javg (1) 

From the FE results, the crack opening area was also evaluated. The initiation of cracking takes 
place when Jw for applied load is greater than JIc . The critical crack length was evaluated for the condition 
that Jw > JIc and applied tearing modulus being greater than the material tearing modulus ( Tw > T mat) . 
T& was evaluated using the material J - Resistance curve and Tw using J vls crack length curvk. The J-T 
curves for the applied load and the material are plotted and the critical J value is determined. Going back to 
the J vls crack length curve, the crack length corresponding to the critical value of J is the critical crack 
length. 

4.1 Zr - 2 Pressure Tube Analvsis and Results 

In order to validate the 3D solid mesh the through wall axially cracked 23-2 pressure tube under 
internal pressure was analysed but without applying cracuace pressure. The closed form solutions for this 
problem are available in the literature e.g. Folias' formula [3] or Zahoor's formula, [4], for elastic perfectly 
plastic material. The yield and ultimate tensile strength of Zr-2 at 300° C is nearly same and hence it is 
similar to elastic perfectly plastic material. The comparison between FE and closed form formulae is shown in 
fig.3. Here the average values of J from 5 Werent contours are plotted against the half crack length. The 
values compare with each other very well. The Javg values of 5 different contours contour path, fie within 1 
% difference. The path independence of the J values serves as a further check on the quality of the FE mesh. ' 

After validation of FE mesh the problem was reanalysed by accounting for the pressure on the crack 
faces also. The crack driving force curve is shown in fig.4 , along with the case when crack face pressure 
was neglected. It is seen that inclusion of crack face pressure in the analysis increase the applied J values 
significantly. For a half crack length of 35 mm, the increase in J value can be as high as 42%. 

The computation of the critical crack length from the tearing instablity concept is illustrated in figs.5 
& 6. It was found that at about 25 mm half crack length ( 50 mm full crack length ), the initiation of cracking 
may take place. The critical half crack length is 44 mm ( critical N1 crack length is 88 mm ). 



4.2 Zr-2.5 Nb Pressure Tube Analvsis and Results 

Through wall axially cracked Zr-2.5 Nb pressure tubes were analysed in same way as Zr-2 pressure 
tubes.The computation of the critical crack length for these tubes is illustrated in figs.7 & 8. It was found that 
at a half crack length of 32 mm ( full crack length of 64 mm ), initiation of cracking may occur and a half 
crack length of 45 mm (full crack length* of 90 mm) is the critical length. 

4.3 Peak factors and Crack Ouening Area of Zr - 2 and Zr - 2.5 Nb uressure tubes 

The knowledge of crack opening area is important for leak before break studies. Using crack 
opening area data, leak rates can be determined. In actual case if a through the thickness crack exists then the 
data from measured leak rates can be used to assess the crack lengths and margins against critical crack 
length. The crack opening area was calculated based on FE results. Table 2 shows full crack opening area of 
Zr-2 and Zr-2.5Nb pressure tubes for Merent crack lengths. Some closed form formulae for calculating crack 
opening area are available, like the one given by Tada, [ 8 1. The crack opening area given by FE analysis ( 
with crack face pressure ) is higher than that given by Tada's formula, [ 8 1. For 40 mm half crack length, it is 
higher by about 2.3 times, because Tada's formula does'nt take into a q u n t  crack face pressure. 

Table 2 : Full Crack Opening Areas 

Half Crack 
Length (a) mm Zr - 2.5 Nb Zr-2 

10 2.22 2.26 
15 5.1 9 4.25 
25 24.14 20.53 
30 53.43 47.69 
35 1 14.36 1 10.06 
40 242.77 271.46 

Crack Opening Area ( sq.mm) 

Table 3 : Average J acoss the thickness and Peak Factor 
Effect of Crack Face Pressure considered 

Half Crack Zr -2  Zr - 2.5 Nb 
Length (a) Avg.J Peak Factor Avg.J Peak Factor 
mm Nlmm Nlmm Nlmm Nlmm 

10 8.69 1.08 13.1 0 1.05 
15 21.03 1.19 31.37 1.12 
20 43.28 1.25 65.18 1.18 
25 82.52 1.31 121.03 1.24 
30 152.33 1.32 21 3.03 1.28 
35 282.52 1.30 368.63 1.28 
40 567.35 1.28 645.1 I 1.28 

The calculation of critical crack length was based on J-values averaged across the thickness. 
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Actually, J varies across the thickness with highest value at the middle surface of pressure tube. The peak 
factors on J for each crack length were calculated using equation (1) and the results are shown in Table 3. 
The peak factors of Zr-2 and Zr-2.5Nb pressure tubes increase & crack length increases and then saturates to 
a constant value. It is seen that peak factor can be as high as 1.3 Le. J at midsurface of pressure tube can be 
1.3 times the average J value. There exists a possibility that crack may "tunnel" through along the axis in 
mid surface and little growth at outer or inner surface. For a given crack length and crack opening area the 
leak rate measurements may indicate little or no crack growth but crack may continue to grow unobserved. 

5.0 Fracture Assessment of Pressure Tubes using R-6 Method 

The fhcture assessment of through wall axially cracked tubes was also done using CEGB R-6 
method, [5]. The Failure Assessment Diagram (FAD) was determined using Option 2, based on data in 
reference, [6]. Ductile tearing was considered. The FAD of Zr-2 and Zr-2.5% is similar to Option 1 because 
at 300° C both these materials are approximately elastic perfectly plastic. In order to evaluate Plastic Collapse 
Parameter (Lr) and Linear Elastic Fracture Parameter (K'r) the collapse load and stress intensity factors for 
each crack length (considering crack fa& pressure) were determined using FE analysis. 

FAD for Zr-2 pressure tubes is shown in fig.9. For half crack length less than 25 mm, the points 
(Lr7K'r) lie within the FAD. For half crack length qual to 25 mm the point (Lr,K'r) lies just outside the FAD 
i.e. crack initiation may occur at this stage. For higher half crack lengths the points (Lr, K'r) lie outside FAD 
but after a small crack growth the locus of points (Lr7K'r) falls back within the FAD due to 'increase in 
fracture resistance of the material. However, for 40 mm half crack length the locus of points (Lr, K'r) 
approaches the FAD but after about 3 to 4 mm crack growth the locus starts deviating away from FAD, fig.9. 
This indicates the onset of hcture instability. Hence, it is concluded that at 50 mm full crack length the 
crack initiation may occur and 86 to 88 mm full crack length is the critical crack size. 

FAD for Zr-2.5Nb pressure tubes is shown in fig.10. Similar to Zr-2 tubes, it can be concluded that 
at 64 mm full crack length, initiation of cracking may occur and a full crack length of 90 mm is critical. 

6.0 Conclusions 

3D elastic plastic finite element. techniques have been employed for the fracture analysis of athrough 
wall axially cracked thin walled pressure tubes of Indian PHWRs made of Zr-2 and Zr-2.5Nb. The study is 
applicable for tubes in as received condition subjected to an internal pressure of 9.5 MPa at 300OC. Fracture 
assesment was also done using CEGB R-6 method. 

In case of Zr-2 pressure tubes initiation of cracking takes place at a crack length of 50 mm, 88 mm 
is the critical crack length. In case of Zr-2.5Nb pressure tubes initiation of cracking is found to occur at a 
crack length of 64 mm, while the critical crack length is 90 mm. Similar results were obtained fiom R-6 
analysis also 

The inclusion of the pressure exerted by the lkaking fluid onto the crack faces in the analysis 
increases the J values significantly. The ratio of J with crack face pressure to J without crack face pressure 
can be as high as 1.4 to 1.5, for higher crack lengths. The closed form formulae for calculating J, do not take 
into account the effect of crack face pressure.The inclusion of the crack face pressure in the analysis gives a 
lower value of the critical crack length. 

The detailed 3D analysis also gives insight into variation of J along the tube thickness. In the 
present work a peak factor on J was computed to get an idea of maximum J value with respect to the average 



J value, The maximum value of J always occurs at middle surface of pressure tube. The peak factors for both 
Zr-2 and Zr-2.5Nb pressure tubes increase as crack length increases and then saturates to a constant value. 
The peak factor can be as high as 1.3. There exists a possibility that crack may ''tunnel" through without 
indicating any increase in leak rates. However, crack tunnelling may be insignificant in thin tubes. 
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A COMPUTING SYSTEM FOR LBB CONSIDERATIONS 
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ABSTRACT 

A computing system has been developed at V l T  Energy for making efficient leak-before-break (LBB) evaluations of 
piping components. The system consists of fracture mechanics and leak rate analysis modules which are linked via an 
interactive user interface LBBCAL. The system enables quick tentative analysis of standard geometric and loading sit- 
uations by means of fracture mechanics estimation schemes such as the R6, FAD, EPRI J, Battelle, plastic limit load 
and moments methods. Complex situations are handled with a separate in-house made finite-element code EPFM3D 
which uses 20- noded isoparametric solid elements, automatic mesh generators and advanced colour graphics. 
Analytical formulas and numericalprocedures are available for leak area evaluation. A novel contribution for leak rate 
analysis is the CRAFLO code which is based on a nonequilibrium two-phase flow model with phase slip. Its predic- 
tions are essentially comparable with those of the well known SQUIRT2 code; additionally it provides outputs for 
temperature, pressure and velocity distributions in the crack depth direction. An illustrative application to a circumfer- 
entially cracked elbow indicates expectedly that a small margin relative to the saturation temperature of the coolant re- 
duces the leak rate and is likely to influence the LBB implementation to intermediate diameter (300 mm) primary cir- 
cuit piping of BWR plants. 
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ABSTRACT 

A computing system has been developed at v?T Energy for making efficient leak-before-break (LBB) evaluations of 
piping components. The system consists of fracture mechanics and leak rate analysis modules which are linked via an 
interactive user interface LBBCAL. The system enables quick tentative analysis of standard geometric and loading sit- 
uations by means of fracture mechanics estimation schemes such as the R6, FAD, EPRI J, Battelle, plastic limit load 
and moments methods. Complex situations are handled with a separate in-house made finite-element code EPFM3D 
which uses 20-noded isoparametric solid elements, automatic mesh generators and advanced colour graphics. 
Analytical formulas and numerical procedures are available for leak area evaluation. A'novel contribution for leak rate 
analysis is the CRAFLO code which is based on a nonequilibrium two-phase flow model with phase slip. Its predic- 
tions are essentially comparable with those of the well known SQUZRl2 code; additionally it provides outputs for 
temperature, pressure and velocity distributions in the crack depth direction. An illustrative application to a circumfer- 
entially cracked elbow indicates expectedly that a small margin relative to the saturation temperature of the coolant re- 
duces the leak rate and is likely to influence the LBB implementation to intermediate diameter (300 mm) primary cir- 
cuit piping of BWR plants. 

1 INTRODUCTION 

The LBB evaluation of real nuclear piping systems typically presents a remarkable computational task where cracks 
have to be postulated in several locations and analysed under various loading conditions. Iterative procedures, involv- 
ing repetitive fracture mechanics and/or leak rate calculations are necessary in determining the leakage and critical crack 
sizes. To overcome these difficulties, an efficient integratG computing system LBBCAL, supplemented with a pow- 
erful finite element code EPFM3D , was developed at V'IT Energy by order of the Finnish nuclear regulatory body 
STUK. This paper describes of the main features of the system with emphasis on a leak rate evaluation code 
CRAFLO which is currently being validated. An illustrative application is made to a BWR plant primary circuit pip- 
ing with a postulated circumferential through wall crack. 

2 INTEGRATED LBB ANALYSIS ENVIRONMENT 

The LBB evaluation system developed at VTT Energy consists of structural, fracture mechanics and leak rate analysis 
modules which make up an integrated computational environment as shown in Figure 1. The first step of analysis is 
determining the global forces and moments unless they are known from existing stress analysis. For static or quasi- 
static loading situations, including complex thermal stratification phenomena, a code PZPZNG was developed. Another 
code, named PZPEBMK , was originally devoted to pipe whip analysis but is equally suited to other dynamic situa- 



tions. The main features of the PIPllvG code are: 
the code is based on beam element theory being supplemented by the theory of curved pipe bending elements, 
thermal loads in axial and lateral directions can be handled, 
restraints with gaps, pre-tensioning and friction can be taken into account and 
deformations, stress and strain components, von Mises stress and principal stresses needed in determining 
ASME-stress intensities can automatically be visualised with colour graphics. 

pipe cross-section 
and curvature 

and orientation 

BatteUe method 
Moments method 

EPRI J method 

Figure 1. The integrated LBB anulysis environment developed at VlT Energy. 
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An interactive interface LBBCAL is a key part of the system and constitutes a link between the CRAFLO leak rate 
code and subroutines making use of well known fracture mechanics estimation schemes. The estimation scheme li- 
brary mainly serves crack stability and leak area analysis of straight and curved pipes and offers the following options: 

Battelle's method 
EPRIJmethod, 
Moments method, 
R6andFAD methods 

For crack opening area evaluation the LBBCAL system provides several closed-form formulas based on plasticity- 
corrected linear-elastic fracture mechanics. 

plastic limit load method for circumferential cracks, 
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Figure 2. Stresses at an elbow as calculated by the PIPING code (a); a detailed j?nite element analysis by the 
EPFM3D including a through wall crack (b). 

3 THE FINITE ELEMENT CODE EPFM3D 

The finite element code EPFM3D was developed for the analysis of three-dimensional pressure vessel and piping 
components for which analytical methods and solutions do not exist in literature. Stress analysis of complex me- 
chanical and thermal transient loading situations makes up an important application area but the code is also ideally 
suited to advanced elastic-plastic fracture mechanics analysis of cracked components. EPFM3D offers colour graphics 
visualisation of about 25 quantities involving deformations, applied loads and restraints, material types, distributions 
of stress and strain components, von Mises stresses, main stresses etc. Separate plottings from zoomed crack area 
show the applied stress and J integral distributions. The other features include: 
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20-noded isoparametric solid elements, 
mesh generators for different pipe and crack geometry combinations composed of straight and curved pipes, 
axial and circumferential cracks, through wall cracks and semi-elliptic part-through cracks in inner or outer 
surface, cracks at intrados and extrados of elbows, 
automatic generation of pressure, axial force, shearing force, twisting moment and bending moment loads, 
von Mises type isotropic strain hardening with Ramberg-Osgood or piecewise linear stress-strain depen- 
dence, 
option to model piping systems with cladding, 
automatic leak area calculation with pressurised crack faces, 
solving the system of equations by the Cholesky decomposition method (skyline technique) and iteratively in 
case of very large systems, 
updating the tangential stiffness matrix along with plastic deformations 
coupled displacements (master and slave degrees of fieedom) 
calculation of J integral and crack tip openiyg displacement (CTOD) along crack front, 
operations for shallow cracks (for cleavage fracture, based on maximum principle stress area method) and 
J integral calculation for mechanical and thermal loads by the domain integral method. 

An essential feature of the EPFM3D code is automation of finite element method based calculations for efficient LBB 
related analysis of complicated structures. Special attention has been given to reliable operation of the code. 
Numerous verification examples, for which analytic solutions are known, have been carried out involving mechanical 
and thermal loadings as well as calculation of stress intensity factors and J integrals. The code uses several internal 
controls to quarantee the reliability of the model and the calculation process. 

4 THE LEAK RATE EVALUATION CODE CRAFLO 

4.1 Phvsical and numerical modelling 

A computer code CRAFLO, standing for CRAck FLOW, has been developed for the analysis of leakage issuing from 
a through wall crack. The solution in CRAFLO can be characterised as a nonequilibrium model taking into account 
velocity slip between steam and liquid. A detailed pressure, quality, temperature, velocity and heat transfer coefficient 
calculation model predicting local conditions along the flowpath is coupled to the global flow rate model. 

The mass conservation equation defines that the total mass flow rate is constant along the crack length. The mass 
conservation equation in a crack with a variable flow area may be expressed as 

dG+GdA=O, (1) 
d z  A d z  

where G means mass flow density, A local flow area and z the coordinate in the flow direction. The energy conserva- 
tion equation may be expressed by assuming that the enthalpy difference between the inlet and exit planes of the crack 
is transformed into kinetic energy 

In Equation (2), p means actual mixture density in the exit plane (subscript e) and h enthalpies in the inlet (subscript 
0)  and exit planes. The mixture density in the equation is calculated by using the nonequilibrium quality. The actual ’ 



quality taking into account the nonequilibrium effect is used for the actual density and it may be expressed with a re- 
laxation model based on the Henry nonequilibrium model [ 11: 

Here L is the flowpath length, D equivalent diameter of the crack, B = 0.0523 a constant for nonequilibrium. The 
momentum conservation equation may be written as 

where p denotes pressure and X is the total friction coefficient. The phase separation predicted by difference slip 
model may be taken into account for two-phase mixture. The friction coefficient can be considered as a generalised 
coefficient. It includes the pressure loss due to entrance, the wall friction and the bends along the flowpath. The gov- 
erning expressions of these contributions are clarified in Table I .  

TABLE I. Friction loss terms for  different pressure loss forms. 

Pressure loss form I MassfluxG I Densitvp... 

Velocity heads due to bends I O.5(Gn+ G,) I pm aye 

Friction X 

1/c; /L 
(CI log (:) + C2)-2/Di 

e I 

In case of the entrance pressure loss C, means the friction discharge coefficient and L is the crack depth. The dis- 
charge coefficient varies from 1.0 for small cracks to 0.5 for large cracks. In case of pressure loss due to wall friction 
R means the surface roughness. In the friction coefficient, based on Schlichting [2] C ,  and C, are equal to 2.00 and 
1.14 for (DB) > 100 and 3.39 and -0.866 for (DB) 100. The average mixture quality used for the average mixture 

case of the pressure loss due to bends in the flowpath e is the density of velocity heads per unit flow length (X = 1 for 
a single velocity head with 90' bending). A nonlinear function has been defined for the reduction of this pressure loss 
as a function of increasing gap width. The phase and area change acceleration pressure losses are calculated from the 
first term on the right hand side in the momentum Equation (4). 

density is calculated in the average pressure along the crack and it is defined as p ,  = 0.5(p0 - Apenrrancc +PI) .  In 

For calculation of the flow rate an iterative procedure is needed, where as a function of stagnant conditions the flow is 
maximised with a three step numerical procedure. 

Step I: Find numerically the maximum critical flow rate based on the energy equation. This value is typically 
much higher than the final flow rate and will be used as a start point for the next step. 

Step E Find numerically such exit plane pressure and corresponding exit quality values that also the momentum 
balance equation becomes satisfied. 

Step IIk Calculate detailed through wall distributions inside the crack. 

Diamond, rectangular and elliptic shapes may be used to characterize the crack inlet and exit plane geometries. The 



crack depth, length, interior gap and exterior gap define the dimension of the crack. As thermal hydraulic boundary 
conditions the fluid pressure, fluid temperature and fluid quality or subcooled enthalpy inside the pipe and pressure out- 
side the pipe are given. The output for the integral calculations includes several interesting parameters. Among them 
is the total friction loss which sums up the p&al pressure drops arising from the entrance loss, the acceleration loss, 
the wall friction pressure loss, the area change loss and the effect of velocity heads. 

The detailed distributions are calculated for a fine mesh point grid, consisting of typically 100 points for the pressure, 
liquid temperature, liquid quality, coolant density, coolant enthalpy, liquid and steam velocity and heat transfer coeffi- 
cient. The detailed distributions may be used for studying the effect of nonequilibrium and phase separation models on 
the local distributions. Optionally the detailed distribution model can be used for the momentum balance solution. 
For structural calculations the local coolant temperatures and heat transfer coefficients are essential. 

4.2 Va lidation apainst the SOUIRT2 code and experimental results in literature 

The code validation is in progress. The well established SQUZRT2 code [SI was used as the first benchmark. Some 
results are presented in Figure 3 for an elliptic crack with COD’S of 0.1,0.5 and 2.0 mm and internal pressures of 6.0 
and 8.0 Mpa. The liquid subcooling assumed values of 2,30 and 60 K. The comparison shows that good agreement 
can be achieved at CODs falling below 1 mm and a small deviation occurs at higher CODs. The comparison is sen- 
sitive to the modelling of velocity heads, approaches used for the nonequilibium model and the definition of the aver- 
age mixture density. The nonequilibrium model will be studied further by comparing results against critical flow data 
in two-phase flow facilities. As a second case comparison results are presented for measured leakages from a through 
wall crack in a circumferential girth weld [3]. The pipe had a diameter of 168 mm, wall thickness of 8.28 mm, crack 
length of 33.3 mm and COD between 0.106 and 0.181 mm. The density of velocity heads was defined as 6 
heads/mm. The surface roughness was assumed to be 0.004 mm. Figure 4 shows a comparison of the calculated and 
measured mass flows. A slight underprediction is observed in the calculated mass flow. 
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Figure 3. Comparison of leak rates predicted by SQUIRK! and CRAFLO. 
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Figure 4. Experimental parameter range and leak rates predicted by CRAFLO for a through wall crack in a circumfer- 
ential girth weld [3]. 

A third benchmark was taken from reported leakages of a pipe with an intergranular stress corrosion crack [4]. The 
wall thickness and the crack surface.roughness were 17.3 mm and 0.00178 mm, respectively. The COD varied 
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Figure 5. Experimental parameter range and leak rates predicted by CRAFLO for an intergranular stress corrosion 
crack [4]. 



between 0.02 and 0.228 mm and the crack length range was from 0.74 to 27.9 mm. No data was available regarding 
the density of velocity heads so it was assumed to be zero. In Figure 5, presented are the thermal hydraulic parameter 
range and the predictions of CRAFLO plotted against the measured mass flow rates. The comparison shows remark- 
able deviations from a few experimental observations and their origin clearly deserves further investigation. Some ex- 
perimental points appear to present disagreement in the data when compared to other data points. 

The validation runs presented above were undertaken during the basic testing of the program. The work will be con- 
tinued using other data, also including critical flow data from thermal hydraulic experiments. After finishing the first 
validation phase the reasons for the deviations will be analyzed and the necessary model improvements will be made. 
At present, the phase separation and nonequilibrium models seem to call for improvements. In some cases the devia- 
tions may be also explained by uncertainties in the wall friction model, in the entrance coefficient and in the density of 
velocity heads. 

5 APPLICATION TO A CIRCUMFERENTIALLY CRACKED BWR PIPING 

The LBB evaluation system was applied to a postulated circumferential through wall crack in a BWR plant primary 
circuit piping. The exact location, as shown by Figure 2b, is the extrados side of a welded connection between an el- 
bow and a straight pipe. The pipe has an outer diameter of Do = 323.9 mm, wall thickness of f = 18.0 mm, radius of 
curvature of R = 650.0 mm and is subjected during normal operation to an internal pressure of Ap = 7.0 MPa and a 
maximum in-plane bending moment of M = 26810 Nm. The pipe is fabricated from AIS1 304 type austenitic stain- 
less steel which presents at the operating temperature of +286 OC a Young's modulus E = 180 GPa, Poisson's ratio v 
= 0.3, yield stress or = 120 MPa, ultimate stress ou = 380 MPa and elongation 40 %. 

The LBB evaluation procedures followed the US practice according to which there should exist a safety margin of 2 be- 
tween critical crack size and leakage crack size, corresponding to a leakage of 10 gallons per minute during normal op- 
eration, and the leakage size crack should remain stable if 1.4 times the normal plus safe-shutdown earthquake loading 
is applied. However, no distinction was made to the loading conditions since no earthquake loadings have been speci- 
fied for the particular piping system. 

The EPFM3D code was employed in the finite element analysis. Straight pipe sections of length 1 m were added to 
the ends of the elbow to enable realistic modelling of the stiffness. One end of the model was fixed and the other sub- 
jected to the given bending moment. For elastic-plastic calculations a Ramberg-Osgood fitting was made through 
the two known points, resulting in the parameters n = 4.6 and o,, = 88.4 MPa (a = 1 in Ramberg-Osgood fitting). 
The flow stress was set to or= 0.5(ay + ou) = 250 MPa. Straight crack fronts, perpendicular to the pipe surfaces were 
assumed and the crack growth phase was not considered. The circumferential crack length was varied in the range 28 
= 60' to 160' using 20' increments. Several further runs were needed to find out adequate element mesh densities in 
different directions and adequate size of load increment to reach sufficient accuracy. The crack is not merely loaded in 
the crack opening mode (I), also the shearing and twisting modes (II and III) are present. The KJ values include the 
effect of these three modes though the mode I is dominant. 

The leak rate calculations were carried out using both the CRAFLO and the SQUIRT2 codes. An estimate of 0.04 
mm was used for the surface roughness, corresponding to typical fatigue cracks. The analyses were very sensitive to 
the selected density of velocity heads and its reduction as a function of increasing gap size. 
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Figure 6. Linear-elastic and elastic-plastic leak area predictions of EPFM3D for various crack lengths (a); leak 
rate predictions of CRAFU) and SQUIRT2 corresponding to elastic-plastic leak areas at various crack lengths 
(b). 

The computed leak areas and leak rates are plotted against the circumferential crack length (subtended angle in degrees) 
in Figures 6a and 6b, respectively. Figure 6a shows remarkable growth of leak area with increasing plasticity at crack 
lengths exceeding 28= 60°. Plasticity-corrected estimation scheme solutions would settle well above the purely lin- 
ear-elastic one but would still lead to a serious underprediction. Figure 6b in turn shows that the leakage size crack 
corresponds to a subtended angle of ca. 100". 

The high-toughness material enabled a simple safety margin evaluation by means of the limit load method. The well 
known governing equations are 

'II: ab = 2k of (2sinp - sine) . 

The safety margin in terms of loading turned out to be 2.95. This result was verified by a finite element analysis 
where the pressure and bending moment were increased monotonically while their ratio remained constant. For evalua- 
tion of the safety margin in terms of crack size, the limit load analysis routine contained in the LBBCAL. system first 
predicted a value 28 = 185' for the critical crack length. Hence, the safety margin may be taken as the ratio 185' / 
100' to yield the value of 1.85. Finite element analysis resulted in a value of 1.7. 

From the above results it may be concluded that the safety margin in terms of loading exceeds well the required value 
of 1.4. However, the safety margin in terms of crack size falls 7.5 - 15 %I below the required value of 2, irrespective . 



of the application of normal loading conditions to the crack stability analysis. This suggests that the LBB concept 
would not be formally applicable. Among the likely reasons may be mentioned that the liquid main coolant has in 
BWR conditions a small margin relative to the saturation temperature which tends to reduce the leak rate. At the same 
time the fairly small pipe size category reduces the leak area. A possible remedy for the situation would be providing 
justification of smaller postulated leakage size crack e.g. based on improved leak detection systems. 

6 CONCLUSION 

The LBB evaluation of real nucle’ar piping systems typically involves repetitive fracture mechanics and leak rate calcu- 
lations for several cracks postulated in the most stressed locations. v?T Energy’s solution to this challenging task is 
an integrated, highly automated ,LBB evaluation environment which was developed in the course of a project super- 
vised by the Finnish nuclear regulatory body STUK. It includes both simple estimation schemes, linked by an inter- 
active user interface LBBCAL, and sophisticated finite element procedures provided by an in-house developed code 
EPFM3D. The furst experiences verify that this type of diversity guarantees the most powerful system. A novel con- 
tribution to the system is the leak rate code CRAFLO which is based on a nonequilibrium two-phase flow model 
with phase slip. Ongoing benchmarking against the well established SQUZRT2 code and experimental results in liter- 
ature indicate reasonable accuracy. The computing system has been applied to a postulated circumferential through 
wall crack in an elbow of a RWR plant primary circuit piping. This illustrative case shows expectedly that a small 
margin relative to the saturation temperature reduces the leakage and may influence the LBB implementation to inter- 
mediate diameter (300 mm) primary circuit piping of BWR plants. A high degree of plasticity in turn strongly in- 
creases the leakage owing to a larger leak area. In case of complex piping components such as elbows, advanced finite 
element calculations are necessary since plasticity-corrected linear-elastic approach models this effect inadequately. 
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OVERVIEW OF LARGE SCALE EXPERIMENTS PERFORMED WITHIN THE LBB PROJECT 
IN THE CZECH REPUBLIC 

Petr Kaddka, Dana Lauerovii 
Nucler Research Institute, 250 68 ke2, Czech Republic 

INTRODUCTION 

During several recent years NR has been performing the LBB aniyjses of safety s.@cant primary circuit 
pipings of NPPs in Czech and Slovak Republics. The analyses covered the NPPs with reactors WWER 440 Type 230 
and 213 and WWER 1000 Type 320. 
Within the relevant LBB projects undertaken with the aim to prove the fulfilling of the requirements of LBB, a series 
of large scale experiments were performed. The goal of these experiments was to verify the properties of the 
components selected, and to prove the quality and/or conservatism of assessments used in the LBB-analyses. 
In this poster, a brief overview of experiments performed in Czech Republic under guidance of NRI k& is presented. 

BACKGROUND OF EXPERIMENTS 

The fundamental idea underlying the LBB approach is based on the assumption that signiiicant coolant leakage from 
the cracked component will be detected prior to excessive pipe cracking. The minimum detectable leakage for PWR 
WWER was established as 3.8 Urnin, with margin of 10 this represents 38 llmin. In accord with regulations of State 
Office of Nuclear Saf'ety in Czech Republic and Oflice of Nuclear Supervision in Slovak Republic, the cracked 
component must stay stable during the experiment when loaded by maximum superimposed loading (i.e. normal 
operating plus SSE loading). 
Expenmend tests were divided into two stages. The goal of the first stage is to verify that no excessive component 
cracking, such as unstable crack growth or plastic collapse, will occur under maximum superimposed loading. 
During the second stage of experiment the component is loaded by only external forces without internal pressure, 
until a sufficiently large increase in crack length is reached, and the maximum sustainable load is established. 

For the experiments were chosen components for which there were doubts about conservatism in their evaluations or 
this evaluation was difficult to perform. 
The following actions are necessary for both experimental set up and carrying out of the experiments: 

- calculation of the crack length corresponding to minimum detectable leakage (38 I/&) as well as calculation 
of the loading parameters representing the maximum superimposed loading. 

- ensuring either the original piece of the component, if this is available (archive component) , or 
manutktwing a new model with as most similar properties as possible. 

- manufactclfing of the required throughwall crack and its sealing. 

- arrangement of the whole experimental facility so that experiment can be performed in the required way and 
the loading of the model simulate the loading of primary piping. 

- measuring and recording various quantities according to the requirements of both experiment stages. 



During the experiment, the following quantities were measured: 

- loads 
- displacements in different places of the model 

- temperatures 

- CMOD-values 
- various quantities concerning the crack behaviour and crack growth 

EXPERIMENTS PERFORMED ON COMPONENTS OF PRIMARY PIPINGS OF 
WWER 440 TYPE 230 NPPS 

Three components of primary pipings of WWER 440 Type 230 NPPs were experimentally tested elbow to steam 
generator, pressurizier safeend and RPV safe-end. 

In the l i rst experiment the weld joining the elbow with the primary piping was tested. The elbow was manufactured 
from austenitic steel 08CH18NlOT and was composed fiom two parts welded together by an axial weld. Material of 
the primary piping was also austenitic steel 08CH18NlOT and therefore the tested weld was a homogeneous one. 
Material filling the weld was the weld metal SVO4CH19NllIvl3. 
In Fig. 1, a drawing of the experimental model is seen. Since the model of the original elbow containing axial weld 
was not available, a similar but not exactly the same model of elbow from the same material had to be used.The pipe 
welded up to elbow was the original archive pipe. In the weld joining the experimental elbow model with the pipe an 
artificial throughwall crack was manufactured. The crack was sharpened manually using a thin saw. This way of 
crack manuf2cturing was used also in the case of the other experiments. The outer surhce length of the 
circumferential crack was 215.6 mm. 
The experimental arrangement is seen in Fig. 2. 
In the second experiment the heterogeneous weld of pressurizer safe-end was experimentally. tested. The original 
component of &&end was not available and therefore the test was performed on a little different model 
manufactured by welding up two pipes. For this model , the base material, weld metal and production technology 
were the same as for the original component. 

Material of one pipe constituting the experimental model was feritic steel 22K and material of second pipe was 
austenitic steel 08CH18NlOT. Heterogeneous weld contained two transition layers. Materials of the two layers were: 
steel SVlOCH16N25AM6 ( first layer) and SVO4CH19NllM3 (second layer). The material filling the weld was the 
weld metal SV04CH19NllM3. 
The experimental facility (Fig. 3) was composed of the base h e  containing a flange. Experimental model was 
welded up to the flange on one side and on the other side it was joined by a weld to an arm on the end of which the 

’ 

force was applied. In the tested weld a circumferential throughwall crack was manufactured. The outer surface crack 
length was 170.5mm. 

In the third experiment the heterogeneous weld joining the reactor pressure vessel with the safe-end was tested. 
Experimental model is seen in Fig. 4. The central massive part of the model, representing the reactor pressure vessel, 
was manufactured from ferritic material 15CH2h4Fk the two safeends and two pipes were manufactured fiom 
austenitic material 08CH18NlOT. 
The model contains two heterogeneous welds located symmetrically in the model. One of the welds was 
manufactured by manual arc welding and the second by an automatic welding under flux. Both types of welds are 
found in primary pipings of the first and second units of NPP Jaslovski Bohunice (Slovak Republic). 

Each of the tested heterogeneous welds contained a sharpened throughwall crack of length 478 mm. The crack was 
located in such a way that the crack tip crosses succesively weld metal, two transient austenitic layers, heat affected 
zone and ferritic material. 



Results of all experiments showed that no crack initiation occurred within the first stage experiment and that the 
component behaviour under the loading prescribed was stable. 
Summarizing the results of the second stages of experiments, it was stated that plastic collapse occurred in the case 
of elbow model, and in the case of other components, significant stable crack growths were observed so that unstable 
crack growing (after large amount of stable growing) may be assumed to be the failure mode of each of the 
component. 

EXPERIMENTS PERFORMED ON COMPONENTS OF PRIMARY PIPINGS OF 
WWER 440 TYPE 213 NPPS 

Two components of primary pipings of WWER 440 Type 230 NPPs were experimentally tested: heterogeneous weld 
of ECCS n o d e  and pressurizer surge lines T-joint. 

The tested model of ECCS n o d e  (including heterogeneous weld as well as pipe welded up to the node)  was in 
accord with the real component with respect to both geometry and materials. Experiment was performed with using 
the same facility as experiment performed on the safe-end of RPV, described above. The model was veIy similar 
(with the only exception of geometrical dimensions) to the model of pressurizer safe-end. The throughwall crack was 
located in the region of fusion line of heterogeneous weld and its length on outer d a c e  was 300 mm. 
This experiment was of a special significance since the same materials and welding technology were used for 
manufacturing of heteregeneous weld of RPV safe-end of WWER 440/213 and thus also the behaviour of this weld 
may be expected to be simulated by the experiment. 
The T-joint model represents a real component forming a part of WWER 440/213 primary lines. The T-joint was 
manufactured by welding up two austenitic steel pipes. The arrangement of the experiment is seen in Fig. 5. The 
facility consists of firm base, the experimental model and the loading unit containing a hydraulic piston. The 
bending force is applied to the top of the T-joint branch and the resulting bending moment opens the crack. 
The experimental model of the T-joint is shown in Fig. 6. The smaller pipe of the model was stiffened by welding up 
another pipe of greater diameter in order to exclude an additional critical location outside the weld. The crack shape 
followed the boundary of the weld. The outer surface crack length was 338 mm. The location of the crack in the 
region of fusion line of the weld was selected according to material tests indicating it as the most limiting location. 
In the second stage of experiment the crack propagated into the weld material. M e r  completion of the experiment it 
was found that crack extension on the inner fllrface was about 3 times smaller than on the outer surface. The right 
crack tip behaviour was similar to the left one. The final crack extension on the outer surface was on the one side 40 
mm and on the other side 40.5 mm. 

EXPERIMENTS PERFORMED ON COMPONENTS OF PRIMARY PIPINGS OF 
WWER 1000 TYPE 320 NPPS 

Two components of primary pipings of WWER 1000 Type 320 NPPs were experimentally tested: ECCS nozzle with 
adjacent part of WWER 1000/320 piping and pressurizer surge lines T-joint. 
Two types of heterogeneous welds occur in ECCS piping system. 
The first type weld joints the RPV nozzle made from material 15CH2NMFA with straight part of the piping made 
from ferritic-perlitic material lOGN2MFA The weld is filled by austenitic material using electrode EA 400/10 T. 
The second type of weld joints two pipes. One of them is made from femtic-perlitic material 1OGN2MFA and the 
second one is made from austenitic material 08CH18NlOT. The weld is also filled with austenitic material using 
electrode EA 400/10 T. 
In Fig. 6, one half of the experimental model containing both welds is seen. The middle part of the model was 
manufactured from steel 15CH2MFA and represents the n o d e  and the stifhess of the RPV. The second part of the 
model is a pipe made from steel No. 16220.4 which is Czech equivalent of steel 1OGN2MFA The last part of the 
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model is represented by a straight pipe made from austenitic steel No. 17248.4 having similar properties as the 
original material 08CHl8NlOT. The methodology of welding process is the same as in the plant. Each of the 
heterogeneous welds contains artificial through-wall crack of length of 169 mm, located in the region of HAZ. 
Results of this experiment showed meeting of the LBB criteria for this component. 

For the experiment on T-joint a prototype of T-piece, machined in Modrany Steelworks, was used. Experimental 
model contained a through-wall crack, located in the weld of the model. The crack length was 5 12 mm, measured on 
the outer surface. During machining the crack, pieces of materials were removed from the model for producing the 
test specimes. 
Experiment was performed as follows. The model was heated up to 320 OC and then bending moment has been 
increased until such level of loading was reached that small increase in bending force caused relatively large increase 
in displacements. 

During the experiment crack growth (on both ends of the crack) was observed. Increase in crack length was, at each 
end of the crack, approximately 50 mm. 
Results of this experiment were of great importance for verification of our computational methods, since in this case 
the uncertainty in input material data has been substantially lowered. 

CONCLUSION 
When evaluating globally the experiments it may be stated that two main goals of experiments were fulfilled: 
1. Experiments directly verified meeting of the LBB criteria for the tested components. 
2. Comparing of the experimental d t s  with the results of procedures used in the LBB analyses proved 

consewatism of these procedures. 
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THE CRITERIA OF FRACTURE 
IN THE CASE OF THE LEAK OF PRESSURE VESSELS 

Dr. Habil., Prof. Antanas giliukas 
Kaunas University of Technology, K. DonelaiSo str. 73. LT-3006 Kaunas 

Tel.: +370-7-220411 Fax.: +370-7-202640 E-mail: ANTANAS.ZILIUKAS(@CRKTU.LT 

ABSTRACT 

In ordcr to forecast the break of the high pressure vessels and thc network of pips  in a nuclear reactor. according to 
the concept of leak before break of pressure vessels, it is necessary to analyse the conditions of project. production. 
and mounting quality as well as of exploitation. It is also ncccssary to cvaluatc thc proccss of brcak by thc hclp of thc 
fracturc criteria. In the Ignalina Nuclear Power Plant of, in Lithuania. thc most important objccts of investigation 
arc: thc highcst prcssure pipes. ma& of Japancsc stccl 19MN5 and having an anticorrosivc austcnitc coat insidc: thc 
pipes of distribution, which are made of 08X1810T steel. The steel of the network of pipes has a quality of plasticity: 
therefore the only criteria of fragile is impossible to apply to. The process of break would be best describcd by the 
universal criteria of elastic - plastic fracture. For this purpose thc author olTcrs thc critcrion of thc doublc paranictcr. 

NOMENCLATURE 

The basic accepted symbols are those: 

e -deformation; 
K, - stress intensity factor, 
6 - opening of the crack; 
u -stress; 
1 - crack's length; 
N - loading cycles; 
R - asymmetrical factor. 

A 

INTRODUCTION 

the top of the crack the deformation &elo is calculated accordin 

& fz ' E ;  +&:om 

here using 
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to th formula: 



(v - the coefficient of Puason, E- the modulus of elasticity, u0.2 - the yeld point , a - the coefficient, KI - stress 
intensity factor); S - the parameter of interpolation (S = 2); horn - the nominal deformation. 

In addition, it is known, that the opening of the crack S is calculated: 

Using the (1) and (2) formulas it is possible to write the criterion: 

or, ifevaluated, that = ~ . 2  = U O . ~ E - ~  and horn = u/E (u- stresses), the criterion would be: 

( G ~ -  the nominal stress). 

Having acccpted the increasc of the stress intcnsity factor, which is proportional to thc incrczlsc of thc brcak zonc. wc 
could write: 

here D = U d h o  (4 - the intensity of stress, uo- the octahedral stress). 

On the surface of the bodies D=1/2 integrating the (5) equation we get: 

K 2  =Ca,  

here c- constant. 

Then we can write, that 

ala, =(KI I KIC)'; 0 

here e the critical length of the break zone. 

If we put the (7) value into the (4) formula, we will get: 

(8) 
a a n o m  2 

a, Q 0.2 

(-f+(-) = I  

Evaluating, that the increase of the break zone is proportional to the deformation and to the opcning of the crack, WC 
get the fracture criterion in the case of a static load 



6 U nom ( - )"+(-+=I,  
6 ,  u 0.2 

(9) 

and in the case of cyclic load: 

(&)2 + ( L k L ) 2  = 1, 
6 Vmc u vmo 

here a,, - the limit of steadiness for the cycle of pulsating tension. 

Considering that the speed of crack development in pulsing cycle is calculatcd by forniula: 

d ~ / a ' ~  = C-, expA(H +I)M".~, 

here 

When R=O, 

C.l, m_, - constant of material to symmetrical cycle. 

A = InyO/C,,AK"-l, 

here X - constant, V, - speed of crack development in pulsing cycle. 

So the speed of crack development is calculated 

dZ/a'N = C-, exp In yo (R+I)M"'. 
C-, AK"-' 

Now we will obtain the number of admitted loading cycles 

here M - the factor of modcl and geometry; q, q - constant of materials to pulsing cycle. 

RESULTS 

The criteria of double parameter (9) and (IO) were tested experimcntally and can be applicd whilc dcscribing the 
process of break in the case of the leak of pressure vcssels. 

For pipes from steel 08X1810T (6var,c = 0.015 mm, ovarSc = 240 MPa) with surfacc crack oricntalcd circunil'crcnlially 
on the inside of a cylinder, experimental and theoretical subordinatcs arc givcn in Figurc 1 (coniplctc iinc - 
experimental, dotted line - theoretical). 



Figure 1 

If we know the initial crack length, this formula allows to calculate the numbers of adtnittcd loading Cycles till the 
failure of construction or its model in all cases of cyclic loading. 

Using this formula, the results of the loading cycles' calculations of the pipes produced from steel 08X1810T where 
n+-, = 2.71, C, = 6.7*10-12 dcycl ,  are given in Table 1. 

' 

Table 1 

crack's of stress 
intensity 

160 0.8 10' 31.75 
140 0.9 12 30.4 
120 1 .o 14 28.2 

I 100 I 1.1 I 16 I 25.1 

speed of Asymet- Admitted 

lopment factor loading 
Crack devC- rical cycles of 

v,. dcycl R N:,dln 

7.8* 0.1 1.07* IO5 

5.7* 0.3 1.75* IO5 
6.99*10-8 0.2 1.3* 1 0 5  

4.16*10-8 I 0.4 I 2.6*105. I 
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CONCLUSIONS 

Thc crack resistance criteria are classified and the range of their application is shown. Thc problem of the rclation of 
the crack opening and its apex strain is theoretically solved by rising the prc-failure zones rcprcscnting thc arm of 
the highest strain intensity. A multi-parametric strain criterion of failure, incorporating crack opcning. the strain at 
its apex and nominal strains, is obtained. 

1, Ahdcas, Fracture members of constructions. Vilnius, Science, 1989,102 p. 
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Fracture Mechanism Analysis of Cracked Elbow for LBB 
Evaluation in Main Circuit Piping of RMBK-1000 Reactor 

Kyselyov V., Smirnov Y., Arjaev A. 
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A SIMPLIFIED LBB EVALUATION PROCEDURE FOR 
AUSTENITIC AND FERRITIC STEEL PIPING 

RM Gamble, Sartrex Corporation 
KR Wichman, U. S. Nuclear Regulatory Commission 

INTRODUCTION 

The NRC previously has approved application of LBB analysis as a means to demonstrate that the probability of 
pipe rupture was extremely low so that dynamic loads associated with postulated pipe break could be excluded from 
the design basis W. The purpose of this work was to: (1) define simplified procedures that can be used by the NRC 
to compute allowable lengths for circumferential throughwall cracks and assess margin against pipe fracture, and (2) 
verify the accuracy of the simplified procedures by comparison with available experimental data for piping having 
circumferential throughwall flaws. The development of the procedures was performed using techniques similar to 
those employed to develop ASME Code flaw evaluation procedures m. 
The procedures described in this report are applicable to pipe and pipe fittings with: (1) wrought austenitic steel (Ni- 
Cr-Fe alloy) having a specified minimum yield strength less than 45 h i ,  and gas metal-arc, submerged arc and 
shielded metal-arc austenitic welds, and (2) seamless or welded wrought carbon steel having a minimum yield 
strength not greater than 40 hi, and associated weld materials. The procedures can be used for cast austenitic steel 
when adequate information is available to place the cast material toughness into one of the categories identified later 
in this report for austenitic wrought and weld materials. 

DEFINITION OF THE EVALUATION PROCEDURE 

Summarv of the NRC LBB Criteria 

Two steps are required to perform a LBB evaluation. First, a leak rate analysis is performed to determine the 
throughwall crack length that will ensure reliable leakage detection with margin (a factor of 10 on leak rate) at 
normal operating loads. This crack length is designated as the leakage size flaw. Second, flaw evaluations are 
performed to determine the allowable circumferential throughwall flaw lengths for various combinations of normal 
plus postulated SSE loads. 

Determination of the allowable flaw length, margins against pipe fracture, and compliance with the LBB criteria are 
based on the method used to combine the various normal and postulated SSE load components. When either the 
absolute or algebraic sum method is used to combine the load components, the allowable crack length is determined 
using loads equal to (normal plus SSE) and must be at least twice the length of the leakage size crack A second 
condition also must be satisfied when using the algebraic sum method. In this case the allowable crack length is 
determined using loads equal to (1.4) (normal plus SSE) and must be equal to or greater than the length of the 
leakage size flaw. 



Allowable Circumferential Throu!hwalI Flaw Lenah - Determinatioq 

Compute the non dimensional quantities 

aod 

Where 

s= 
C =  
sa = 
Fwmbind = combined axial force (kips) including pressure, deadweight and thermal expansion at normal 

Sb = 
&,bin& = combined bending moment (in-kips) including deadweight and expansion at normal operation, 

R =  
t =  

stress multiplication factor mi-1) defined in Table 1 or 2 for austenitic steels and in Table 3 
or 4 for femtic steels, 
the margin (non dimensional) associated with the load combination method, 
the combined applied axial stress (hi) = F,,biid/;?nRt, 

operation, and seismic components, 
the combined applied bending stress mi) = &mbid/acR2t, 

and seismic components, 
the mean radius of the pipe cross section (inches), and 
the pipe wall thickness (imches). 

The allowable flaw length at any specified location in a pipe system is determined by entering Figure 1 with the 
quantities computed from Eqs. 1 and 2 for the location specific values of Sa and Sb, the value of C associated with 

' the method used to combine loads, and the appropriate material and location specific value of 5 from Table 1,2,3, 
or 4. Tables 1 and 3 can be used for austenitic and ferritic steel piping, respectively, when heat specific yield and 
ultimate stresses are not available, while Tables 2 and 4 can be used for austenitic and ferritic piping, respectively, 
when heat specific yield and ultimate stresses are available. 

Mar& Assessment 

The following two paragraphs summarize the procedures that can be used to determine if the required margins on load 
and flaw size are met for either the absolute or algebraic sum load combination method. 

For the absolute sum load combination method compute the quantities in Qs. 1 and 2 using C = 1.0, the location 
specific values of Sa and &, and the appropriate material and location specific value of 5 from Table 1,2,3, or 4. 
The allowable flaw length is obtained by entering Figure 1 with the coordinate values computed from Eqs. 1 and 2 
If the allowable throughwall flaw length from Figure 1 is at least twice the length of the leakage size flaw then the 
load and leakage flaw size margins are met and the LBB criteria are satisfied. 

For the algebraic sum load combination method two conditions are used to determine if the margins on load and 
leakage flaw size are satisfied. First, compute the quantities in Eqs. 1 and 2 using C = 1.4, the location specific 
values of Sa and Sb, and the appropriate material and location specific value of I; from Table 1,2,3, or 4. The 
allowable flaw length is obtained by entering Figure 1 with the coordinate values obtained from Eqs. 1 and 2 If the 
allowable flaw length from Figure 1 is at least as large as the leakage size flaw, then the margin on load is met. 
Second, the process is repeated except C = 1.0 is used to compute the coordinate values from Eqs. 1 and 2 If the 
allowable flaw length from Figure 1 is at least twice the length of the leakage size flaw, then the margin on flaw 
size is met. If both the load and flaw size margins are met the LBB criteria are satisfied. 



n 

+ vp 
lq 

0 
JJ, 

1.6 

1.4 

1.2 

1 .o 

0.8 

0.6 

0.4 

0.2 

0.0 

L 

\\ Unflawed Pipe 

0.0 0.2 0.4 0.6 0.8 1 .o 1 2  1.4 

5c5a 

Figure 1. Allowable Circumferential Throughwall Flaw Length as a Fraction of CirCMlference 

Table 1. 5 Factors For Austenitic Steel Pipe Materials Without Heat Specific Yield and Ultimate Stresses. 

Material 5 - 1 )  (ksi 

Wrought Base Metal and . 
Gas Tungsten Arc Welds (GTAW) 

Shielded Metal Arc Welds (SMAW) a 

Submerged Arc Welds (SAW) a 

0.0227 

0.0261[1+ 0.130(NS-4)] 

0.0295[1+ O.OlO(NS-4)] 

a NS = nominal pipe size (inches). if NS is less then 4, set NS = 4. 
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Table 2 t Factors For Austenitic Steel Pipe Materials With Heat Specific Yield and Ultimate Stresses. 
~~ 

Material t (ksi -1) 

Wrought Base Metal and GTAW a l/af 

Shielded Metal Arc Welds 0 (l.lS/Uf)[l + 0.130(MS-4)] 

Submerged Arc Welds a,b (1.3O/Uf>[l + O.OlO(NS-4)] 

a. Flow Stress (ksi), af = 0.5 (ay + au), where ay and a, are the 0.2 % oftket yield and ultimate strengths, 
respectively, for the pipe base metal at the temperature of interest. If af > 65 hi, set (If = 65 hi 

b. NS = nominal pipe size (inches). if NS e 4, set NS = 4. 

Table 3. t Factors For Ferritic Steel Pipe Materials With Heat Specific Yield and Ultimate Stresses. 

Material Category f c  (ksi-1) 

l a  

2 b  

0.0200 [l + 0.021 A (NS -4)] 

0.0225 [1+ 0.018 A (NS-4)] 

a. Material Category 1: Seamless or welded wrought carbon steel pipe and pipe fittings that have a specified 
minimum yield strength at room temperature equal to or less than 40 ksi and welds made with E7015, 
E7016, or E7018 electrodes in either the as welded or post weld heat treated conditions. 

b. Material Category 2 Except as identified in Category 1, all femtic shielded metal arc and submerged arc 
welds in either the as welded or post weld heat treated condition. 

C. A = [O.l25(R/t) - 0.2510-25, for 5 s R/t s 10, or 
A = [0.4(R/t) - 310.25, for 10 s R/t s 20, 
NS = Nominal pipe size (inches). If NS c 4, set NS = 4. 



Table 4. c Factors For Femtic Steel Piping Materials With Heat Specific Yield and Ultimate Stresses. 

Material Category 5 ~ 4  @si-1) 

2b (6.158/~€)[1 + O.O~S*A*(NS-~)I/U~O*~ 

a. 
b. 
C. 
d 

See footnote a, Table 3. 
See footnote b, Table 3. 
See footnote c, Table 3 
q = 0.5 (ay + a,,), where cry and a, are the 0.2 % omet yield and ultimate strengths, respectively (hi), for 
the pipe base metal at the temperature of interest. 

e. B = 1 + 0.28*Tanh[(~f-56)/!jJ. 

BASIS FOR THE EVALUATION PROCEDURE 

The development of the evaluation procedure generally follows that used for the development of the flaw evaluation 
procedures in Section XI of the ASME Code CZ, 9. These procedures were based on limit load analysis modified, 
where applicable, by factors to account for conditions where pipe failure would OCCUT by ductile crack extension. 

halvtical Develoment 

First, the predicted bending stress at limit load, ab, for a circumferential throughwall flaw is (& 3 9 

q, = 2(uf/n) [2 sin p - sin 01 
WheE 

p = 0.5 [I- ( O h )  (am/af)B 
0 = 
a, = 
q= 
cry = 
a, = 

the half throughwall crack angle, 
the axial stress at limit load, and 
the material flow stress, typically defined as 0.5 (ay + an), 
the material yield stress, and 
the material ultimate stress. 

In general, demonstration of piping integrity requires margin to exist between the predicted failure load and the 
applied loads. Following the ASME Code procedure the margin is applied to the sum of the applied bending and 
primary membrane stresses, and the relationship between the predicted limit load, applied loads, and margin is 

Because the load carrying capacity associated with failure by ductile tearing typically is less than that corresponding 
to limit load, a factor (Z) is applied to Eq. 4 to account for ductile tearing. These factors are material dependent and 
have been derived for austenitic and femtic piping materials @,a 5 9. Applying the Z factor to Eq. 4 gives 
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In the NRC LBB criteria, the applied axial stress Sa is required to include the margin and load modification terms; 
consequently, the following condition also must be applied 

z c Sa/Uf = a&. (6) 

The flow stress, ut, has been used on both sides of Eqs. 5 and 6 to produce normalized, nondimensional quantities. 
Defining 5 = Z/q, Eqs. 5 and 6 can be written as 

aui 

The evaluation procedure is now defined by Eqs. 7 and 8 and can be applied using the concept in Figure 1 in the 
following manner. Eq. 3 is used to determine uduf as a function of um/uf for any specified value of normalized 
circumferential flaw length, War. These results are used to plot (urn + ut,)/uf as a function of um/q and construct 
the curves shown in Figure 1. The location specific normalized applied stress quantities, C*Q(Sa + sb) and C*QSa, 
now become the axes for Figure 1 as indicated by the left sides of Eqs. 7 and 8. 

t: Factor Definition 

The basis used to define the 5 factors for the LBB evaluation procedure were the forms of the Z factors previously 
used to develop part-throughwall flaw evaluation procedures for the ASME Code (2,& 5 @. The general forms of 
the < Eactors used for austenitic steel pipe are 

‘s = l/Uf, for base metal, (9) 

5 = (l.l5/~f)[l+ 0.130(NS-4)], for SMAW, and (10) 

5 = (1.30/~€)[1+ O.OlO(NS-4)] for SAW. (11) 

For the development of the LBB criteria, the fixed value of flow stress was determined from data correlations; the 
associated values of 5 are presented in Table 1. The LBB criteria development also allowed flow stress to be defined 
on a heat specific basis; the associated values of ‘s were determined from data correlations described in the following 
section, and are presented in Table 2 

The flaw evaluation procedure specified in the ASME Code for femtic piping defines two material categories (see 
footnotes a and b in Table 3). The 5 factor relationships for femtic piping material categories are 

(13) 5 = (2566/~~)(~&)[1+ 0.018(NS-4)A]/Uy 0.46 for Category 2 

For the development of the LBB criteria, the fixed value of flow stress was determined from data correlations 
described in the following section; the associated values of for Category 1 and 2 materials are presented in Table 
3. Eqs. 12 and 13 also were evaluated for applications where heat specific yield and ultimate stresses are available. 
For this instance the value of the term (UfBm) was always taken as 2.4, while the values of flow and yield stresses 
were taken as the heat specific values; the associated values of 5 were determined from data correlations described in 
the following section, and are presented in Table 4. 



VERIFICATION OF THE EVALUATION PROCEDURE 

The results from previously conducted experimental programs (2 - Ll), and unpublished data provided by JAERI to 
NRC, were used to bench mark the evaluation procedure. The experimental data were for pipes with circumferential 
throughwall flaws, test temperatures ranging from 70 to 575"F, and diameters ranging from 25 to 36 inches. 

The experimental results were used to define the maximum bending load carrying capacity of the pipe. The 
experimental axial and bending stresses were computed using the relationships specified for Sa and Sb in Eqs. 1 and 
2. The force, F, due to internal pressure, p, was computed using the relationship F = qRi2 ,  where Ri is the pipe 
inner radius. These stresses wen? compared to the stresses predicted .by using Eqs. 7 and 8 with C = 1 and the 
appropriate Z; factor. The results were used to determine the ratio of the experimental to predicted maximum loads. 

Austenjtic Steel 

The ratios of experimental to predicted maximum bending plus axial load as a function of pipe diameter first were 
determined using the values of C = Z/GE defined by the ASME Code for wrought base metal and GTAW, SMAW, 
and SAW. The Code uses a constant value of = 51 ksi for all materials. The results showed the ratios of the 
experimental to predicted loads are distributed as follows: 84% 2 1.0,91% z 0.9, 97% 2 0.8,100% z 0.75, and 
100% s 1.7. However, it was concluded from these results that an assumed flow stress of 51 hi produced results 
that were not conservative enough, primarily because there were some ratios below 0.8. Consequently, the data were 
reanalyzed using various assumed flow stresses until all ratios were 0.9 or greater. The flow stress meeting this 
condition was 44 ksi, and the ratios were distributed as follows: 93% 2 1.0, 100% z 0.9, and 100% 5 20. The r; 
factors listed in Table 1 were obtained by substituting a flow stress equal to 44 ksi into Eqs. 9,10, and 11. 

To enable heat specific properties to be included in the evaluation, the flow stress was computed as UE = 0.5(ay+ a") 
and was used to predict the maximum bending stress from each of the pipe experiments. When welds were evaluated 
CYE was computed using the yield and ultimate stresses reported for the base metal, while the Z factors are the same as 
those defined by the Code. When the data were evaluated with these assumptions, it was observed that the loads 
predicted from the limit load analysis tended to be larger than the experimental loads when a~ was greater than 65 h i .  
Consequently, a€ was set equal to 65 ksi when the values from the heat specific data were greater than 65 ksi. The 
results showed the ratios of the expenmental to predicted load sums were distributed as follows: 76% z 1.4 100% 2 
0.9, and 100%5 1.4. These results also showed that using the heat specific flow stress (including an upper flow 
stress limit of 65 ksi) significantly reduces the scatter in the predictions. The g factors listed in Table 2 were 
determined from Eqs. 9,10, and 11 based on using the actual material flow stress with an upper limit of 65 hi, and 
the Z factors used in the ASME Code. 

Ferritic Steel 

The ratio of experimental to predicted maximum bending plus axial load as a function of pipe diameter were 
computed for Category 1 and 2 ferritic steels, where the values of< = Z/OE from Eqs. 12 and 13, respectively, were 
determined for the Code default values, f f ~  = 43.4 ksi, a,, = 27.1ksi, and (uE/S,) = 24. The calculated ratios were all 
above 1.2, which indicates the Code default tensile properties can produce very conservative results. To reduce the 
conservatism associated with the Code default values a second evaluation was performed to determine the flow stress 
that would result in the ratio of experimental to predicted load being 0.9 or greater for all experiments. The flow 
stress that allowed this criterion to be met was 60 ksi. The ratios for the Category 1 materials are distributed as 
follows: 97% z l.07100% z 0.9, and lOO%s 1.9. The margins for the two experiments with Category 2 materials 
are roughly about the same as the margins for comparable size diameter piping having Category 1 materials. The Z; 
factors contained in Table 3 were obtained by substituting a~ = 60 ksi, ay = 27.lksi, and (a€/S,) = 2.4 into Eqs. 12 
and 13; these factors can be used when no heat specific yield and ultimate stress are available. 
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To enable heat specific tensile properties to be used in the evaluation, the data for Category 1 and 2 materials were 
evaluated using heat specific values of yield and ultimate stresses in Eqs. 12 and 13, respectively. The ratios of 
experimental to predicted loads were distributed as follows: 82% 2 1.0,97% z 0.9,100% z 0.8, and 100% 5 2.0. 
The margins for the two experiments with Category 2 materials are roughly about the same as the margins for 
comparable size diameter piping having Category 1 materials. The data for Category 1 materials were initially 
evaluated without the quantity B indicated in Table 4. This evaluation indicated a trend where pipe material with 
flow stress greater than approximately 56 ksi often had predicted loads greater than the experimental values, while 
pipes with flow stress less than approximately 56 ksi had predicted loads less than the experimental values. To 
improve the accuracy of the prediction method the B term was developed and incorporated into the factor for 
Category 1 ferritic materials. 
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$PPLICATION OF THE CRACKED PIPE ELEMENT TO CIREEP CRACK 
rGROWTH PREDICTION 

J. BROCHARD - T. C W S  
C.E.A. - C.E.-SACLAY DRNDh4T, GIF SUR WETTE FRANCE 

C.E.A. - C.E.-SACLAY, INSTN, GLF SUR YVETTE FRANCE 
M. GHOUDI 

I f  

Several years ago, a.cracked pipe element was implemented is CASTFA42000 
computer code for ductile fiacture assessment of piping systems with postulated 
circumferential through-wall cracks under stitic or dynamic loading. We undertake a 
development to extend the capabilities of the element to the determination of fhcture 
parameters under creep conditions (C*, hc and 

In a first step, a time independant strain rate law (&= Ao") *is considered, so that the 
.ductile fiacture formulae proposed by Zahoor can be used. Under combined tension .and 
bending the C* expression is : 

P 
P 

C* = A R (x-0) (WX) hl (7) 

0 

L 

h= M'PR 
Po = 2 Rt [~-0-2  sin -1(0,5 sin e)] 
Mo = 4 R2 t [cos (W2) - 0,5 sin 01 

Cinematic parameters 6 and Ac are deduced fiom C* and loads values at each' step of' 
C 

the calculation. 

Under secondary creep conditions, this element is now available to carry out a 
complete. simulation by performing successive resolutions increasing the defect size with the 
material rule : Aa = B (C*)m. 

The main advantage of this element is that by modelling the complete piping system' 
using classic pipe elements and this special element at the crack location, the secondarity of the 
loadssuch as thermal loads can correctly be evaluated. An application has been conducted on a 
FBR-type piping system, ,for which the crack growth predictions considering the thermal 
stresses as primary or secondary stresses are significantly different. * 
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THE CORROSION AND CORROSION MECHANICAL PROPERTIES EVALUATION 
FOR THE LBB CONCEPT IN W R s  

Martin RuBk,  Petr Chvatal, Dalibor Urnlk 
Nuclear Research Institute, 250 68 Rei, Czech Republic . 

. . 1. Introduction 

One of the conditio& for :the "Lkak Before Break" concept to bc valid is the verification that the influence of 
corrosion environment on the material' of the Fmponent can be neglected. Both the general corrosion and/or the 
initialion and. growth .of '&rrc$on-ne$hanical cracks must not cause the degradation. The primary piping in the 
W E R  nuclear powei . p h t  is made. from autemitic steels (WER 440) and low alloy steels protected with the 
austenitic claddirig (VVER 1000). Austenitic steels are not generally sensitive to %e stress corrosion cracking, 
nevextheless the debadation mug be evaluated in terms of threshold value, crack growth rate and degradation 
extept (mass loss, cracks density). Thesemeasurements mustprove thatthere isnot theability totheinitiation 
of critical defect between two isispections. 
& the referen? [I 3, the results fiom,the base metal and heterogeneous weldments fiom'the NPP W E R  440 were 
showed. It was proved, that the crack growth rates aie below Iomls, if low oxygen level is kept in' the primary 
environment. No intergranular cracking was obsexved,in low and high oxygen water aft? any type of testing, with 
constant or peodic  loading. 
In the fiamework of the LBB assessment of the VVER 1000 MW, also the corrosion and corrosion mechanical 
properties were evaluated. , 
The corrosion and corrosion mechanical testing was oriented predominantly to three types of tests: 

* stress corrosion cracking tests 
* corrosion fatigue tests 
* evaluation ofthc resistance .against aqosion damage. , 

In this paper, the methods used for 6- tests,:~ill be descnied and-the materials will be compared from point of view 
ofnkponse on static and p&iodic'mechanical. stress on the low alloyed steel lOGN2MFA and weld metal' exposed in 
the p h q  circuiteq&nment The slow 'ea% rate tests and static loading of both C-rin& and CT specimens were 
performed $order tb' assess the stress Corrosiw kacking characteristics, the cyclic loading of CT specimens was done 
to the kinetic? of the crack growth undg periodical loading. Several results are showed to illustrate the used 
approaches 'Ihe obtain'ed data were evaluated also fiom the point of view of comparison of the influence o€dif€"ent 
structure on &e stress-mrrosion Cracking appearance. The results obtained for the base metal and weld metal of the 
piping are preemted here. 

2. Experimental 

. .  2.1. Test mstcriaJ 

Here presented experiinents.were pcrfonned with two types of materials: 

The chemical composition of& tcstd materials is shown in Tab.l., the base mechanical pioperties in Tab.2 The 
metallographic analysis was done [2]: 
The base metal, lOGN2h@A, can be chmacterised as the m h r e  of bainite and proeutcctoid femte. The prior 
austenitic grain size was 35pm. The inclusions MnS and complex sulfides were foucd in the structure. 
The filler weld consists of the mixed femtic-bainitic microstructures within the columnar or equiaxial (bottom of 
beads) primary austenitic grain boardered by a proeutectoid fenite. 

- IOW ill~ycd stel I O G N W A  - weld metal E PT-30, the root'of the weld SvOSGS 

, 



MATERVU, C m Si P s cu Ni cr Mo 

10GNMA 0.10 0.80 0.26 0.010 0.008 0.07 1.92 0.17 0.50 

WELDMETAL 0.043 0.81 0.21 0.017 0.008 0.07 1.48 0.64 

V 

0.04 

2.2. The testing conditions 

T=20°C 
MA?ERTAz. 

8) a) 
Ral A, 2 

(%) (YO) 

lOGN2MFA 452 513 24 64 

W E L D m a  468 618 22.8 72.1 

L 

AU tests were performed in the solution of 0.6% boric acid with the addition of 6ppm KOH Which is typical 
environment for the VVER 1000 MW primary circuit. Two environments were used: one with low oxygen content 
(less than 20ppb), second saturated with oxygen. The high oxygen content was reached by bubbling air through the 
test medium in the reservoir throughout the test Bubbling of hydrogen was used to reach low oxygen content The 
xeason ofusingthis environment was to get remarkable stress corrosion cracking in the tested material. In all the tests, 
the pressure was kept approximately 2 MPa above the equilibrium pressure-temperate curve to keep the pressurised 
condition. The tests have been performed at temperature 320°C. 

T=350°C 

2 
8) 8) (%) 

& 
(%) 

h a  Ral 

401 540 20 

425 559 22.4 65. I 

2.3. The slow strain rate tests 

Stress Corrosion cracking properties were tested by slow strain rate test. The SSRTs were carried out with the tensile 
specimens The testingfacility mnskthg of autoclave with refreshing water loop and loading machine were employed. 
The enviroMlent was refieshed with the rate of 2 d m i n .  The tensile specimens were loaded at a deformation rates 
of 10%'. Two types of spekimens were used for the test: parallel cylindrical specimens and tapered specimens. From 
the first one, the mechanical properties as yield sbmgth, tensile strength, total elongation and area reduction have been 
evduated After the test, all the specimens were examined in optical and SEM microscopes to evaluate the fiaciure 
mechanism and the changes on the specimen surface. From the fiacture surface, the number and depth of facets were 
evaluated. The cracks were cxamined on the specimens surface as well. 
The diameter of parallel specimens was 6m, gauge length 3Omm. The cylindrical specimens [3] with 3" surface angle 
were used t;r test!he hitiaiion coz~ditions for the corrosion cracks in the base metal. The minimal diameter was 6mm. 
They weie Ioadcd with the txtension rate corresponding to that used for the parallel specimens until the tensile 
strength lev4 was :ca.:hed in the thinnest part of the specimen. After that, the test was tenninated and the surface of 
the specimens was searched for the cracks. The thickness diameter with found crack was used for the calculation of 
the initietion strzss. 
Two orientations'of specimexis made from the base metal were tested: 

- circumferential, marked "C" 
- longitudinal, marked "L". 

The specimens made f?om.the weld metal were cut in the circumferential direction, as the model weldments were 
circumferential. 

2.4. The constant loading of CT specimens 

The pre-fatigued 0.5T CT specimens were wedge loaded end exposed in the static autoclave. The desired stress 
mtensily factor was reached on the conventional loading machine, then the wedge was inserted inside the notch. The 
crack increment was evaluated periodically form the outside surface, he total increment was measured after the final 
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Fig.1 The stress - strain curves for the base metal tested at 104s'' SSRT. Directions of specimens: L-longitudinal, 
C-circumfercntial 

Fig.?a ?he fiactogaph of the fiacture surface of the 
specimen with orientation C, base metal, 
high oxygen content environment 

Fig.2b The fiactogaph of the fixture surface of tbe 
specimen with orientation L, base metal, 
hi& oxygen content environment 
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exposition in he environment. These experiments were camed out only in the low oxygen environment The goal of 
the tests was to measure the conditions for the initiation of the rack growth as well as the crack growth rate under static 
long term load. The duration of the tests was 4500 hours. The cracks were considered to be stopped if no increment 
was found during last 1000 hours of exposure. 

2.5. The cvclic loading of CT specimens 

The aim ofthese experiments was to assess the possibility of the crack growth under the periodic loading. The kinetics 
ofgrowth was measured as well as the fracture mechanisms were evaluated. The tests were carried out with 0.5T CT 
specimens in the 7 litres autoclave connected with the INSTRON loading machine. The pre-fatigued specimens were 
used. The specimens were loaded with the saw-type cycle, the asymmetry of the cycle was 0.2 the frequency 0.085Hz 
The crack l a  was monitored during the test using the compliance method. The calibration curve was used for the 
compliance measurement The tests were stopped at the AK values above 30-40 Again, the fracture surface 
was examined to find the typical fiacture mechanism in this paper two tests are addressed. The first one was performed 
with the base metal IQGNNFA, the second one with the crack growing from the base metal to the austenitic cladding. 
The thicker cladding was used in this case on the base metal. 

3. Results 

3.1. The slow strain rate tests 

In Fig.1, there are the stressdeformation diagrams for the base metal tested in two orientations, circumferential and 
longitudinal. There is no daerence in the response on the loadi i  iftested in the environment with low oxygen content. 
Thevalues, if compared with he basic properties in Tab2 are not changed in the respect of the yield strength, tensile 
strength or total elongation. The fracture surface showed the 100% ductile fiacture and no stress corrosion cracks were 
observed on the hcture surface or on the rest of the d a c e  of the specimens. Much difference was observed between 
both orientations if tested in the environment with high oxygen level. As the tensile and yield properties are not 
changed substantially, the total elongation was nearly three times higher for the longitudinal orientation comparing with 
the circumferential one. Moreover, both values, 16% respectively 7% are much lower comparing with the air-test data 
(2Ph). The difference can be seen also on the fi-actographs, Fig. 2a,b. Both possess the same type of fracture feature: 
one transgranular crack growing fiom the initiation centre complemented with he ductile tearing region. However, the 
crack facet in the C orientation is deeper comparing with the L. From the tapered specimens, the initiation stress and 
strain was estimatkd For the L orientation it was 297 h4Pa respectively 0.15%, for the circumfercntial orientation 
554bfPa and 2.2%. The calculated mean crack growth rate, which was obtained as the depth of the facet divided by 
the time between initiation of the rack and the final rupture was l.4xlO4m/s for the orientation L, 2.IxlO~’m/s for 
orientation C respectively. The difference more than one range means, that once the crack is initiated in the C 
orientation of specimen, it grows fast, however the initiation happens later than for the orientation L. 
The comparison of the SSRT results from the weld metal is in Fig.3. The decrease of total elongation was observed 
in both envkmments comparing with the air data However, the decrease in the environment with high oxygen content 
is bw and corresponds with the data observed for the base metal, orientation C. The fiactographic analysis showed 
similar picture as in the case of base metat The riacture surface of the specimen tested in low oxygen solution was klly 
ductile without any trace of stress corrosion cracking. The typical fracture surface from the high oxygen solution is 
showed m F ~ 4 a  and in the detail in Fig4b. Several transgranular facets were observed, their depth was up to 1.5mm. 
As can be seen in Fig.4b, remarkable lines are visible on the surface of transgranular facets. Their distances are not 
equal and they seem to decrease as the crack increased. This was typical also for other specimens from both base metal 
and weld metal. No interaction between the weld structure features and the crack growth were observed 

3.2 The static loading of the CT specimens 

The static loading of the CT specimens was performed on the initial stress intensity factor values betweerj 20 and 
30 MPa In the base metal, no crack increment was observed during the test t h e  (1500 hours). The crack growth rate 
on the level of lO’”m/s was observed in the case of the specimen made from the weld metal. These results are 
Consistent with he SSRT results, however, the decrease of load due to stress relaxation during the exposure could take 
this test not conservative. Unlike the SSRT fracture surfaces, no step-like marking was found on these specimens. 
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Fig3 The stress - strain curves for the weld metal tested at 10%' SSRT. Weld metal. 

Fig4a Tlie fiactograph of the hcture surface of the 
specimen with orientation C, high oxygea 
content environmen:, weld metal. 
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Fig4b The detail of FigAa 



3.2. The cvclic loading of the CT specimens 

The main aim of the cyclic tests was to prove that even ifthere is in the material the crack, its kinetics is too slow to 
reach the Critical value. For the low alloy materials the ASME XI flaw curve can be used as the reference curve. 
As the material of the primary piping consists of base metal, weld metal and heat affected zone, all three materials 
were tested. 
'Ihe comparison with this curve is shown in Fig5 for the base metal of the primary piping, 10GN2MFA. If tested in 
the environment with low oxygen content, all results are below the ASME XI curve, approximately between one half 
of range to one range of the crack growth rate. The tests performed in the high oxygen content environment led to the 
slightly higher crack growth rates, however still all data points are below the reference curve and many of them are 
consistent with the low oxygen data. Only one point, at 33MPam" lies slightly above the ASME curve. 
The fiactographic analysis did not show the appearance of the intergranular fracture. The crack growth was 
transgranular, the secondary cracks, perpendicular to the plane of the main crack were found across all corrosion 
fatigue region, however their size mcreases as crack length and the stress intensity factor amplitude increased. In Fig6 
there is an example of the transgranular facets with visible structure of striations. The average distance between them 
is 1.2 pn Ifcompared with the crack growth rate from Fig5 which is for this crack length between 6x1O4mmlcycle 
and l~lO-~mm/cycle, the local estimation is on the higher side of this interval. 
In F%7, the results for the weld metal are shown. Similarly as for the base metal, all low oxygen data are well below 
the ASh4E XI curve. To compare the results for both materials, the correlation of measured crack growth rates was 
perfoxmed with the result shown in Fig$ They are very near to the line with slope 1. From this, no substantial 
difference is between both materials The results obtained if the material is tested in the environment with high oxygen 
contents were above the ASME Line ifthe stress intensity factor was below 19MPam1R. Nevertheless the difference 
is low. From the fiwture surface no intergcmular cracking was observed and the fracture surface corresponding with 
the crack advance was similar to that obtained from the environment with low oxygen content. 
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Fig.6 The detail of the brasgranular facet from the fracture surface of CT specimen base me!al, cyclically loaded 
in the primary environment 
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1E-07 ! 

10 
delta K [MPamA1/2] 

100 

Fig.7 The crack growth rate vs AK values for the weld metal 
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Fig8 Comparison of equivalent data for crack growth rates in base metal and weld metal cyclically loaded in 
primaryenvironment 

4. Conclusion 

n e  corrosion-m&hani~ properties ofthe primary piping materia~s ofthe NPP VVER ~ O O O M W  wxe tested in the 
fiamemrk of the leak before break project The results showed that the material of the base metal and weld metal is 
not sensitive to the stress corrosion cracking. No substantial dif€erence betmen tensile properties were observed 
between these materials tested in the air and i&e water environment at operation parameters. The typical fracture 
process for thematerial tested in hi& oxygen content was transgranular cleavage with remarkable crack m-st lines. 
The cyclic loading led to the increase of crack length in the CT specimens, the crack growth rates were below the 
AsMExIlines. 
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THE PRIMARY CRCJlJT MATERIALS PROPERTIES RESULTS ANALYSIS 

PERFORMED ON AR.CHIVE NA'IERIAL USED IN NPP V-1 AND KOLA 
NPPUNITSlAND2 

IcVacA Eudovit PhDr, BEfiO Peter, Nuclear Power Plants Research Institute Inc. 

O W b  5,918 64 Tmava, SLOVAK REPUBLIC 

SUMMARY 

The primary circuit piping material properties analysis was close related to the LBB 

methodology applications on the both units of the NPP V-1. 
The asessment was performed on the following pipirig materials: 

a) primary piping archive material used in NPP V-1 
b) primary piping material cut tiom NPP Kola Units 1 and 2 after 100000 hours of 

1 

operation 

c) final wrrelations between the Russian and our experimental results. 

Main research program tasks were: 

1) analysis of the piping material mechanical properties (static tension, charpy, tiacture 

toughness, fatigue) 

2) corrosion stability of the pfimary circuit material analysis (igscc) 

3) microstructural properties analysis which involved: 

a).visual inspection of exposed internal surface 

. ..b) chemical composition analysis 

c) hardness measurements 

. d) stainless steel macro and microstructural properties evaluations 

e) delta-ferrite contents measurements 

f )  thermal fatigue and operational influences evaluation 

g) substructure of both material evaluations using the TEM 
h) tiactography of samples after mechanical tests. 
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FRACTURE PROPERTIES EVALUATION OF STAINLESS 
STEEL PIPING FOR LBB APPLICATIONS 

Y. J.Kim, C.S. Seok, Y. S. Chang 
Sung Kyun Kwan University, Suwon, Korea 

ABSTRACT 

The objective of this paper is to evaluate the material properties of SA312 TP316 and SA312 TP304 
stainless steels and their associated welds manufactured for shutdown cooling line and safety injection line 
of nuclear generating stations. A total of 82 tensile tests and 58 fkacture toughness tests on specimens 
taken from actual pipes were performed and the effect of various parameters such as the pipe size, the 
specimen orientation, the test temperature and the welding procedure on the material properties are 
discussed. Test results show that the effect of the test temperature on the fracture toughness was 
significant while the effects of the pipe size and the specimen orientation on the fracture toughness were 
negligible. The material properties of the GTAW weld metal was in general higher than those of the 
base metal. 

1. INTRODUCTION 

Recently nuclear piping systems can be designed in accordance with the leak-before-break (LBB) design 
concept which is based on elastic-plastic fracture mechanics. In LBB analysis[l,2], both the J-integral and 
tearing modules (Jrr) method and the limit load method (net section collapse) are recommended for the 
stability analysis of the cracked piping. It is generally regarded that the J/T method is appropriate for the 
analysis of carbon and stainless steel pipings while the limit load method is appropriate for the analysis of 
stainless steel pipings. 

The J/T stability analysis method can be stated as follows. 

The stress-strain (u-E) curve of piping material is needed to compute the left hand side of Eq.(l) 
while the J-resistance (J-R) curve is needed to compute the right hand side of Eq.(l). 
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A comprehensive material test program was prepared to generate material properties as required for the 
LBB application to the newly-built nuclear generating stations in Korea. In a previous paper[3], authors 
evaluated the material properties of SA106 Gr.C carbon steel and its accociated welds manufactured for 
main steam line. The objective of this paper is to evaluate the material properties of SA312 TP316 and 
SA312 TP304 stainless steels and their associated welds manufactured for shutdown cooling line and safety 
injection line. Tensile and fracture toughness tests on specimens taken from actual pipes were performed. 
In this paper, the effects of various factors such as the pipe size, the specimen orientation, the test 
temperature and the welding procedure on the material properties are discussed. 

2. MATERIAL TEST PROGRAM 

2.1 Test Material 

Test materials were SA312 TP316 and SA312 TP304 stainless steels and their associated welds. The test 
specimens for SA312 TP316 steel were machained from the 12", 14" and 16" pipes, and the test specimens 
for SA312 TP304 steel were machined from the 14" pipe. 

The weld coupons were prepared at shop and field for simulating the different fabricating conditions of 
In order to ensure good fracture toughness, full gas tungsten arc welding pipe spools for installation. 

(GTAW) procedure with post weld heat treatment (PWHT) was adopted. 

2.2 Test Specimen 

Based on the NUREG-1061 Vo1.3[1] and SRP 3.6.3[2], at least two stress-strain curves and two J-resistance 
curves should be developed for each of the minimum of three heats of materials having the same material 
specifications and thermal and fabrication histories as the in-service piping material. If the data are being 
developed from an archival heat of material, a minimum of three stress-strain curves and three J-resistance 
curves from that one heat of material is sufficient. Table 1 summarizes the test material, pipe diameter, 
thickness, required number of specimens and test temperature. For SA312 TP316 steels, 1/2"0 round bar 
specimens were used for tensile tests and IT-CT specimens were used for fracture toughness tests. 
However for relatively thin SA312 TP304 steels, the largest specimens that could be machined were used. 

2.3 Test Method 
Tensile tests were performed in accordance with ASTM EI(Standard Test Methods for Tension Testing of 
Metallic Material) and E21(Standard Test Methods for Elevated Temperature Tension Tests of Metallic 
Materials). Upper temperature tests were performed after maintaining the required temperature for two 
hours. 

Fracture toughness tests were performed in accordance with ASTM E813(Standard Test Method for JIC, 
An A Measure of Fracture Toughness) and EllSZ(Standard Test Method for Determining J-R Curves). 



Shop Fab. 
Weld Metal 

SA312 TP316 

Field Fab. 
Weld Metal 

SA312 TP304 

SA312 TP316 

SA312 TP304 

unloading compliance technique with high temperature COD gage was utilized to determine the J-R curves. 

Table 1. LBB Test Program Summary 

Test J -R Test Tem P Material 
Lower Upper Lower 4-l Lower Upper 

49 

296 

z I 
1 SA312 TP316 

Base Metal 20 
327 

SA312 TP304 --f= 12 I I 49 1 14"S/STD 

12"S/160 

14"S/160 

1 3 1  1 49 

1 3 1 1  296 
20 

16"S/160 I 3 327 

49 

49 1 12W160 

14"S/160 I 3 1 3 1  1 296 

327 
20 

16"S/160 I 3 1 3 1  1 
1 3 1  1 49 

3. TEST RESULTS 

In this section, test results are grouped and summarized to show the effect of various factors which have 
an influence on the material properties. 

3.1 Test Results 

For tensile tests, the nominal stress-strain curves were obtained from the load-displacement curves, and the 
yield strength and the tensile strength values were determined. Subsequently the true stress-strain curves 
were generated and, by curve-fitting to the Ramberg-Osgood equation, a, n material constants were 
obtained. 

For fracture toughness tests, the J-R curves were obtained from the load versus load line displacement 
curves. Accordingly the CI, CZ and J I C  values were then obtained by a power law curve fitting method. 
The ASTM validity requirements such as data spacing, regression line, crack shape and amount of crack 
extension were ,satisfied. This may 
be due to the high toughness values of the tested materials. 

However the ASTM requirements for J,, and w were not satisfied. 

3.2 Effect of Pipe Size 



Fig.1 shows the effect of the pipe size on the room temperature stress-strain curves of SA312 TP316 
steel(for shop weld and field weld specimens) in the L orientation. Although the stress-strain curves of the 12" 
and 16" pipes were higher than those of the 14" pipe for the shop weld specimens, the stress-strain curve 
of the 12" pipe was higher than those of the 14" and the 16" pipes for the field weld specimens. 
Therefore it is not possible to clarify the effect of the pipe size on the tensile properties. 

Fig2 shows the room temperature fracture toughness test result of SA312 TP316 steel i'n the L-C 
However, no orientation. 

definite trend was observed for the J-resistance curve of the 12" pipe. 
The J-resistance curve of the 14" pipe was higher than that of the 16" pipe. 
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3.3 Effect of Specimen Orientation 

The median S, and S, values of the 14" pipe of SA312 TP316 steel in the L orientation are 179 MPa and 
462 MPa respectively, while those in the C orientation are 165 MPa and 448 MPa respectively. The 
median S, and S, values of the 14" pipe of SA312 TP304 steel in the L orientation are 324 MPa and 552 
MPa respectively, while those in the C orientation are 310 MPa and 538 MPa respectively. Therefore it 
can be stated that the effect of specimen orientation on the tensile properties is negligible. 

3.4 Effect of Test Temperature 

Fig.3 shows the effect of test temperature on the stress-strain curves of SA312 TP316 steel, and Fig.4 
shows the effect of test temperature on the J-resistance curves of the 14" pipe of SA312 TP316 steel. 
Both the stress-strain curves and the J-resistance curves are lowered with an increase in the test 
temperature, similar with carbon steel data[3]. This trend, however, was not observed for SA312 TP304 
steel. 

3.5 Effect of Welding 

The effect of welding on the stress-strain curves of the 14" pipe of SA312 TP316 steel is shown in Fig.5. 
The stress-strain curves of the weld metal are higher than that of the base metal, and the stress-strain 
curves of the weld metal produced by shop fabrication is higher than that produced by field fabrication. It 
was not, however, possible to obtain full stress-strain curves for the weld metal specimens due to necking 
of the region outside of the gage length. 

Fig.6 shows the effect of welding on the J-resistance curves of the 16" pipe of SA312 TP316 steel. 
Against the tensile test results, the J-resistance curve of the field weld was higher than that of the base 
metal while the J-resistance curve of the shop weld was slightly lower than that of the base metal. 

4. DISCUSSION 

4.1 Comparison Between SA312 TP304 and SA312 TP316 Steels 

The room temperature stress-strain curves of two test materials are compared in Fig.7. As shown in the 
figure, the tensile properties of SA312 TP304 steel were higher than those of SA312 TP316 steel. The 
room temperature J-resistance curves of two test materials are shown in Fig.8. As shown in the figure, the 
fracture properties of two stainless steels are almost identical. 

The 0.3T-CT specimens were used for SA312 TP304 steel. Therefore, if IT-CT specimens were also 
Also the effects of the specimen used for SA312 TP304 steel, the J-resistance curves would be lowered. 

orientation and the test temperature were not significant due to the small size of specimens. 
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4.2 Correlation Between Tensile And Fracture Toughness Data 

An attempt to correlate between tensile and fracture toughness data w& made. After performing the tensile 
test, the specimen diameter at fiacture(df) was measured and the critical strain at fracture(&J was defined as 
following : 

d 
d, 2h ($1 

The non-dimensional parameters such as S,,' and CI' can be defined as following : 
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C1' = c1 
Ek 

where E is Young's modulus and k is 1 mm. 

(4) 

Fig.9 shows the correlation between the parameter s;xI(E, and the parameter CI', and the 

following empirical equation is obtained. 

cI' = 1.687 X (S,'X JE,)l.@ (5 )  

From Eqs. (3), (4) and (5), the CI value can be obtained as following : 

c I  = 1.687Ek X (SU'x Kc)'*@ 
The C2 parameter is independent of tensile property in, the range of 0.55 - 0.75, as shown in 

Fig.10. Therefore the C2 value can be regarded as 

C2 = 0.61 (7) 
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Fig.9 Correlation between CI and 
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Fig.10 Correlation between CZ and 
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5.CONCLUSION 

Following conclusions were made from the LBB material test program on SA312 TP316 and SA312 TP304 
stainless steels. 

I)  Effects of the pipe size and the specimen orientation on the tensile property and the fracture property 
were not significant. 
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were not significant. 

temperature. 

hcture properties of both steel were similar. 

2) Both the tensile property and the fracture property were lowered with an increase in the test 

3) The tensile property of SA312 TP304 steel was higher than that of SA312 TP316 steel, while the 

4) Due to high toughness of the material, the ASTM E813 validity requirement was not satisfied. 
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EFFECTS OF TOUGHNESS ANISOTROPY AND COMBINED TENSION, TORSION, AND 
BENDING LOADS ON FRACTURE BEHAVIOR OF FERRITIC NUCLEAR PIPE 

R Mohan, C. Marshall, N. Ghadiali and G. Wilkowski 
Battelle; 505 King Avenue; Columbus, OH-43201; U. S. A. 

This paper summarizes work on angled through-wall-crack initiation and combhied loading effects on ferritic 
nuclear pipe performed as part of the Nuclear Regulatory Commission’s research program entitled “Short Cracks 
in Piping and Piping Welds”. The reader is referred to Reference 1 for details of the experiments and analyses 
conducted as part of this program. The major impetus for this work stemmed fiom the observation that initially 
circumferentially oriented cracks in carbon steel pipes exhibited a high tendency to grow at a different angle 
when the cracked pipes were subjected to bending or bending plus pressure loads. This failure mode was little 
understood, and the effect of angled crack growth from an initially circumferential crack raised questions about 
how cracks in a piping system subjected to combined loading with torsional stresses would behave. 

There were three major efforts undertaken in this study. The first involved a literature review to assess the 
causes of toughness anisotropy in ferritic pipes and to develop strength and toughness data as a function of angle 
from the circumferential plane. The second effort was an attempt to develop a screening criterion based on 
toughness anisotropy and to compare this screening criterion with experimental pipe hcture data. The third and 
more significant effort involved fmite element analyses to examine why cracks grow at an angle and what is the 
effect of combined loads with torsional stresses on a circumferentially cracked pipe. These three efforts are 
summarized below. 

1. LITERATURE REVIEW OF TOUGHNESS ANISOTROPY 
AND DATA DEVELOPMENT 

The literature review of toughness anisotropy showed that there were three contributors to toughness anisotropy 
(Refs. 2-5). By far, the largest contributor was the size and shape of elongated nonmetallic inclusions, 
predominantly manganese sulfides. Smaller contributions were thought to come fiom crystallographic texture 
and microstructural banding. Crystallographic texture arises when the individual grains (crystals) are not 
randomly oriented but have a preferred orientation dictated by the thermo-mechanical processing, while 
microstructural banding is the result of alternating bands of ferrite and pearlite aligned in the principal working 
direction. An Anisotropy Index was developed which was the ratio of the maximum toughness (usually in the 
L-C orientation, i.e., the circumferential through-wall crack growth direction), to the minimum toughness 
(usually in the C-L orientation, i.e., the axial through-wall crack growth direction). Anisotropy Index values of 
approximately three are common for ferritic pipes, although for plates heavily rolled to increase the strength, the 
Anisotropy Index was found to be greater than six. Cross-rolling of plates can bring this ratio to one (isotropic 
toughness) which is possible with seam-welded pipes, but not with seamless pipes. 

Also, in this effort, tensile and C(T) data were developed at various angles for one particular A333 Grade 6 pipe 
used in the Degraded Piping Program Experiment 41 11-1. This was a seamless pipe (Pipe DP2-Fl l) and had 
nonmetallic inclusions with large aspect ratios oriented at an angle of approximately 66 degrees to the 
circumferential plane. The results of the tensile tests, shown in Figure 1 , indicate that the effect of inclusion 
orientation is insignificant. The C(T) specimens were side grooved in order to force the cracks to grow at a 

693 



predetermined angle. As was expected, cracks growing along the inclusion direction yielded the lowest fracture 
toughness values, while those growing normal to the inclusions yielded the highest values. This can be 
evidenced in the orientation dependence of Ji values (Figure 2). The Anisotropy Index based on the initiation 
toughness values was 3.1 for this pipe steel. Additionally, Charpy tests at a temperature corresponding to the 
upper shelf on five other steels revealed strong orientation effect (see Figure 3). Metallographic examinations 
ofthe five pipes revealed that nonmetallic inclusions with large aspect ratios were aligned either at 66 degrees to 
the circumferential plane (in one pipe) or more commonly along the pipe axis. The Anisotropy Index for each 
pipe was then determined from the Charpy values and ranged from 1.7 to 3.4. However, from 0 to 45 degrees, 
the slope of the Charpy energy versus angle data was very similar for each of the five steels. Beyond 45 degrees 
the data from one steel had a slope change. 
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Figure 1. Engineering stress-strain curves for several different tensile 
specimens orientations in Pipe DP2-Fll. 
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Figure 2. Orientation dependence of J1 values in Pipe DP2-Fl1 material. 
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Figure 3. Energy absorbed by Charpy V-notch specimens as a function of orientation 
(Note: All fractures were 100% ductile). 
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2. SCREENING CRITERIA BASED ON TOUGHNESS DATA 

The angles of crack initiation from numerous past carbon steel pipe tests from the Degraded Piping, IPIRG-1, 
and the Short Cracks in Piping and Piping Welds programs (Refs 6-8) were documented. The angle of crack 
initiation versus Anisotropy Index, shown in Figure 4, indicate a high degree of scatter. A slightly better trend 
was evidenced in the variation of crack initiation angle versus the pipe diameter-to-thickness ratio (Figure 5). 
However, it seems clear from these two figures that a simple screening criterion based on either the Anisotropy 
index or the diameter-to-thickness ratio is of little value. Indeed there were many cases of pipe experiments 
using pipe from the same heat of pipe where the crack initiation angle varied from 20 to 65 degrees. 
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Figure 4. Crack initiation angle versus Anisotropy Index for circumferentially cracked 
carbon steel pipes tested a t  Battelle (TWC = through-wall crack, SC =surface crack, 
IP = internal pressure). 
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Figure 5. Crack initiation angle versus pipe diametedthickness for carbon steel pipe tests 
(TWC = through-wall crack, SC =surface crack, IP = internal pressure). 
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3. FIMTE ELEMENT ANALYSES 

The main objectives of this effort were to examine if angled crack initiation could be explained analytically, and 
to investigate combined tension, bending, and torsion loading on circumferential through-wall-cracked pipes. 
To accomplish these objectives, Experiment 41 11-1 on a 4-inch nominal diameter Schedule 80 A333 Grade 6 
pipe fiom the Degraded Piping Program was analyzed. This pipe had a 37-percent long circumferential through- 
wall crack. These pipe and crack dimensions were used in numerous other finite element analyses. The finite 
element analyses were conducted for straight circumferential cracks as well as circumferential cracks with a 
short length of angled tip. The angular crack tip length was chosen to correspond to mean particle spacing of the 
sulfide inclusions. Crack tip angles (Q) of 0,25,45, and 65 were analyzed. Even under pure bending 
conditions, the angled crack tip invokes combined mode loading, Le., Mode I (opening), Mode I1 (sliding shear) 
and Mode I11 (out-of-plane tearing). A review of combined-mode, elastic-plastic fracture parameters showed 
that although the analysis procedure is pushing the state-of-the-art, what was done was reasonable. Detailed 
descriptions ofthe finite element analyses and boundary conditions are given in detail in Reference 1, since 
under the various loading conditions, one cannot assume quarter symmetry, especially for the case of the angled 
crack tip or combined loading involving torsion. The analyses were done using the ABAQUSB computer code. 

3.1 Angled Crack Initiation Phenomenon 

The results of the elastic-plastic analyses of straight and angled cracks, subjected to bending, indicated that the 
normalized angular crack-driving force, JdJQ.,, [ratio of the Jaw value for an angled crack (JJ and the 
corresponding value for straight crack (J-)] had a constant value once plasticity occurred (Figure 6). While this 
trend of normalized angular crack-driving force is important, it does not provide a direct explanation for the 
onset of angled crack growth. Thus, a normalized angular crack growth parameter, A ,  was developed, where 

normalized angular fracture resistance - JidJin.0 

normalized angular crack driving force JdJaXo 
-- A =  

and Jio is the initiation toughness at an angle Q, and Ji0-o is the initiation toughness in the L-C orientation 
(circumferential crack growth direction). It is important to mention that this parameter is not a material 
parameter, but rather a combination of the directional sensitivity of both the fracture toughness and the crack- 
driving-force. This parameter was found to be useful in gaining an understanding of the angular crack 
initiation phenomenon. When this parameter has a value of Unity or higher for a given crack-tip angle, then 
the tendency for the crack to grow along the circumferential plane is higher than the tendency for it to 
propagate along that angle. Similarly, if the parameter is less than one at other than Q=O, then the crack 
should grow at that angle. The variation of this parameter with the crack tip angle from the circumferential 
plane for the analysis of Experiment 4111-1 shows that the crack would be more likely to grow at an angle, 
and the parameter A was essentially the same from 25 to 65 degrees (Figure 7). Hence, the crack could grow 
in any direction from 25 to 65 degrees. This observation agrees well with the experimental observation that 
the crack propagated at 37 and 59 degrees from the two crack tips in Experiment 41 11-1. 
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Since the analyses reported pertain only to this pipe, strictly speaking the results obtained for the driving force 
for straight and angled cracks cannot be used to examine the experimental data obtained for the other pipes. 
This limitation is because the Jtpplied term used in J, /J,=,, may be sensitive to crack length, pipe diameter-to- 
thickness ratios, and stress-strm characteristics of the material. However, the normalized angular fracture 
resistance values from the Charpy tests on the other pipe materials evaluated were used with the results from 
the finite element analyses to see if pipes similar in geometry to Experiment 4111-1, and made of these other 
ferritic steels, would exhibit angular crack growth. It was found that the range of angles over which the crack 
may propagate varied considerably from pipe to pipe, even though the slopes of the Charpy energy versus n 
graphs were only slightly different (see Figure 7). Hence, it is believed that local variability in toughness 
anisotropy may significantly affect the direction of crack growth. The sensitivity of the J, /JQx0 term to crack 
length, pipe diameter-to-thickness ratio, and stress-strain properties is not known. The development of the 
proposed B parameter appears promising in explaining angled crack initiation in ferritic pipes, but it is not 
generally validated for other crack lengths and pipe sizes. 

3.2 Combined Loadin? Effects 

The other main objective of this work was to assess the fracture behavior of pipes subjected to torsional 
stresses (T~) in addition to bending stresses (u ,J and tension stresses from internal pressure. Prior to starting 
this analysis, a survey of piping stress analyses results from various companies was undertaken. This survey 
showed that bending moment-to-torque (M,/T) ratios of 3.0 were common and occasionally this ratio was as 
low as 1.0. Analyses of straight as well as angled circumferential cracks were then conducted using both of 
these ratios. Four different approaches to handle combined torsion and bending were developed. These can 
be cast in the form of a single equation defining the effective moment, MCrr, as given below: 

where, 

c, = 1 - Effective moment from resultant of bending moment (I , 
- 

, plus torque 

c, = fi - Effective moment calculated from a, = /- 
2 

c, = 1. - Effective moment calculated from uen = /-- 
2 

ce = 0 - Effective moment calculated ignoring torque 

In Equation 2, c, defines the effective moment parameter. The upper and lower bounds for calculating the 
effective moment are defined by c, = 1 and c, = 0. The other two approaches lie in between these two extremes 
as indicated by Equation 2. 

The variation of crack-driving force with the effective moment for the case of straig3t crack subjected to a 
bending moment-to-torsion ratios of 1 and 3, shown in Figure 8, indicate that the finite element solutions 
obtained for the crack-driving force under bending .conditions may be used in evaluating the corresponding 
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quantity for cracked pipes subjected to combined bending and torsion, provided the effective moment is 
calculated using Approach (3). Similar conclusion was apparent for other fracture parameters, such as crack- 
opening displacements and crack-opening areas. The finite element results demonstrated the validity of this 
approach for an angled circumferential through-wall crack with a crack-tip angle of 45 degrees as well. This 
significant conclusion enables the use of simple engineering estimation schemes of through-wall-cracked pipes 
under bending to be used to determine hc ture  parameters when combined loading with torsion occurs. The 
limitation to this approach, however, is that the analyses conducted to date were restricted to very small amounts 
of angular crack growth. For large crack growth at an angle, there may be some deviations from the results 
obtained to date. For instance, the ratio of the J-R curves at different orientations do not seem to be constant 
with crack growth, and the ratio of the Jww values with crack-tip angle for a growing crack is unknown. Also 
we did not conduct crack growth analyses for the straight growing crack to examine the validity of the effective 
moment concept, but anticipate that this approach would work. Nevertheless, the conclusion of using this 
effective bending stress for combined loads involving torsion is valid for all leak-rate calculations of concern to 
LBB analyses and for determining loads up to crack initiation. Finally it should be noted that these results are 
for circumferential through-wall-cracked pipe, and surface-cracked pipe may behave quite differently under 
combined loads. 
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Figure 8. Effect of combined loading on the variation of J at mid-thickness versus effective moment for 
various pure and combined loading cases. 



4. CONCLUSIONS 

It was seen that in order to gain an insight into the angled crack initiation phenomenon observed in 
circumferential TWC ferritic pipes, simple screening criteria based on Anisotropy Index or diameter-to- 
thickness ratio are not very valuable. However, based on detaiIed finite element analyses of a circumferential 
TWC pipe, an angular crack initiation parameter is developed which offers promise in explaining this 
phenomenon. Additional work is needed to validate this parameter for several other pipe and flaw geometries. 
It should be emphasized that this parameter has meaning only for crack initiation. 

In addition, a simple engineering approach was developed to evaluate fracture parameters for cracked pipes 
subjected to combined bending and torsion. This approach ‘is valid only for non-growing cracks but is still 
useful for LBB analyses. 
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MATERIAL PROPERTY EVALUATIONS OF BIMETALLIC WELDS, STAINLESS STEEL 
SAW FUSION LINES, AND MATERIALS AFFECTED BY 

DYNAMIC STRAIN AGING 

D. Rudland, P. Scott, C. Marschall, andG. Wikowski 
Engineering Mechanics Group, Battelle Memorial Institute, Columbus OH 43201 

ABSTRACT 

In many cases, current pipe fracture analyses can reasonably predict the behavior of flawed piping. However, 
there are several material applications where there are uncertainties in the fracture behavior. This paper 
summarizes the work on three such cases: stainless steel submerged-arc weld fusion lines, carbon-to-stainless 
steel bimetallic welds and femtic steels affected by dynamic strain aging @SA) at LWR temperatures. These 
investigations were performed during the U.S. Nuclear Regulatory Commissions research program entitled "Short 
Cracks in Piping and Piping Welds". 

First, the fracture behavior of bimetallic welds, which are found in both PWRs and BWRs are discussed. The 
incentive for this study was to determine if current fracture analyses can be used to predict the response of pipe 
with flaws in bimetallic welds. The weld in this study joined sections of the A516 Grade 70 carbon steel cold-leg 
piping system to a F316 stainless steel safe end that was to be welded to stainless steel pump housings. The crack 
was located along the carbon steel base metal to Inconel 182 weld metal fusion line. Material properties derived 
from tensile and C(T) specimens were used to predict large pipe response. The major conclusion from this work 
is that the fracture behavior of this bimetallic weld could be evaluated with reasonable accuracy using properties 
of the carbon steel pipe and conventional J-estimation scheme analyses. However, these results may not be 
generally true for all bimetallic welds. 

Second, the toughness of austenitic steel submerged-arc weld (SAW) fusion lines is discussed. It was noticed that 
during large-scale pipe tests with flaws in the center of the SAW, the crack tended to grow into the fusion line. 
The fracture toughness of the base metal, the SAW, and the fusion line were determined and compared. The 
major conclusion reached is that even though the SAW fusion line had a higher initiation toughness than the SAW 
weld metal, the fusion-line J-R curve reached a steady-state value while the SAW J-R curve continued to rise. 

Finally, several carbon steel fracture experiments containing circumferential flaws that experienced periods of 
unstable crack jumps during steady ductile tearing are discussed. These instabilities are believed to be due to 
dynamic strain aging (DSA). This paper will discuss DSA, a simple screening criteria developed to predict this 
phenomena, and the ability of the current J-based methodologies to assess the effect of these crack instabilities. 
The effect of loading rate on the strength and toughness of several different carbon steel pipes at LWR 
temperatures is also discussed. 

INTRODUCTION 

As part of the Short Cracks in Piping and Piping Welds Research Program(l) conducted at Battelle-Columbus for 
the U.S. Nuclear Regulatory Commission (USNRC) a number of research activitiedtasks were conducted. The 
two main tasks involved developing experimental data and developing/refining fracture prediction methodologies 
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for through-wall-cracked@) and suface-cracked@) pipe. In addition to these two tasks, a number of complimentary 
tasks were undertaken to address specific issues related to the further understanding of pipe fracture of nuclear 
grade piping materials. The impetus of this paper is to summarize the findings from three of these complimentary 
tasks, Le., the bimetallic weld task", the stainless steel submerged-arc weld (SAW) fusion-line toughness task0 , 
and the dynamic strain aging task(@. Further details of the efforts involved with and the results from each of these 
tasks can be found in the three " R E G  reports from these  task^(^*^*@. 

Bimetallic Weld Evaluations 

In both BWRs and PWRs, there are many locations where carbon steel pipes or components are joined to 
austenitic pipes or components with a bimetallic weld. The objective of the research associated with Task 3 of the 
Short Cracks Program was to assess the accuracy of current pipe fracture analyses for the case of a crack along a 
carbon steel to austenitic weld fusion line. 

The bimetallic welds evaluated were obtained as part of the Degraded Piping Programm from a canceled 
Combustion Engineering nuclear power plant. The welds joined sections of the carbon steel cold-leg piping 
system to stainless steel safe ends that were to be welded to stainless steel pump housings. The carbon steel pipe 
material was A516 Grade 70. The safe ends were fabricated from SA182 F316 stainless steel (forged TP316 
stainless steel). The welds were fabricated by first buttering the beveled end of the carbon steel pipe with an 
ENiCrFe-3 (Inconel 182) electrode. The welds joining the buttered pipes and the stainless steel safe ends were 
then completed using a shielded-metal-arc weld (SMAW) process, using Inconel 182 weld rod, see Figure 1. 
Several such welds in the nominal 914-mm (36-inch) diameter by 76-mm (3.0-inch) thick pipe were available for 
testing. 

To achieve the program objective, material property'data and data from a large diameter pipe fracture experiment 
were developed to assess current analytical methods. The material property data developed included longitudinal 
tensile data from specimens machined from the various parts of the pipe weldment as well as data from compact 
(tension), C(T), tests with cracks located along the carbon steel to Inconel 182 weld fusion line to determine the 
fracture toughness of the fusion line. The large diameter pipe experiment evaluated a circumferential through- 
wall crack along the bimetallic weld fusion line subjected to bending at 288 C (550 8. The various analysis 
methods were then compared with the pipe experimental data. 

The major conclusion reached as a result of this research was that the fracture behavior of the bimetallic fusion 
line tested in this program could be predicted with reasonable accuracy using the strength and toughness properties 
of the carbon steel pipe material in conjunction with conventional elastic-plastic fracture mechanics analysis. This 
is believed to be due to: (1) the fusion-lime toughness, evaluated in C(T) specimen tests, being slightly higher than 
the toughness of the carbon steel base metal, (2) the Inconel weld metal being higher strength than the carbon steel 
base metal allowing the crack to grow more in the carbon steel than in the Inconel 182 weld metal, and (3) the 
higher strength Inconel 182 weld metal may be shielding some of the plastic strains between the crack section and 
the lower strength stainless steel safe end on the other side of the weld. Consequently, the carbon steel base metal 
strength properties were more appropriate to use in the simple pipe fracture analyses, see Figure 2. 

One point that should be emphasized is that the data presented in this paper, and the conclusions drawn from these 
data, are applicable only to this one class of bimetallic welds, i.e., a low strength carbon steel pipe welded to a 
stainless steel safe end using an Inconel weld procedure. The fracture behavior of other classes of bimetallic 
welds, made up of different material systems, may not be the same. For instance, for bimetallic welds associated 
with low alloy ferritic steel nozzle forgings, the strength and toughness properties of the various materials may be 
such that the crack will tend to grow in the weldment. In addition, if the bimetallic weld was made with stainless 
steel buttering rather than Inconel, then the crack may grow into a softer, carbondepleted, region near the heat- 
affected-zone of the carbon steel material. Figure 3 compares C(T) specimen fracture toughness data from this 
program with C(T) data developed at NRI-Rez in the Czech Republic for a weld fabricated using a stainless steel 



Figure 1. Cross section of bimetal weld evaluated showing various materials that make up the weldment 
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Figure2. Comparison of maximum experimental moment with maximum predicted moments for 
bimetal weld pipe experiment using the fusion-line C(T) specimen JD-R curve with the carbon 
steel pipe stress-strain curve and nine different analysis methods 
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buttering procedure. As can be seen, the fracture toughness of the Inconel weld fusion line is significantly higher 
than for the weld fusion line made using the stainless steel weld metal. If evaluating such a weld, the fracture 
moments may be less than would be predicted using the carbon steel pipe properties in conjunction with 
conventional elastic-plastic fracture mechanics analysis methods. 

Stainless Steel Fusion-Line TouPhness Evaluations 

The objective of this effort was to evaluate the fracture toughness of the fusion line of stainless steel submerged- 
arc welds in stainless steel pipe. The incentive was to explain why the cracks grew into the fusion line in many of 
the stainless steel pipe tests which were conducted with cracks initially in the center of the weld. The concern is 
that the fusion line may have a much lower toughness than the submerged-arc weld metal. Since the submerged- 
arc weld metal toughness is considered the lowest toughness for pipe flaw evaluation in the ASME Section XI 
austenitic pipe flaw evaluation criteria, and would typically be used in LBB evaluations, the implication of this 
work could be significant. 

To conduct this evaluation, Charpy V-notch and compact tension [C(T)] specimens were fabricated from two 
different welds. One weld was a standard single-Vee weld from a girth-welded pipe, and the other was a slant- 
Vee weld from a plate weld that had one of the fusion lines perpendicular to the plate surface, see Figure 4. The 
standard single-Vee weld C(T) specimens had the notch machined along the fusion line, Le., they had a slant 
notch. The slant-Vee weld C(T) specimens had standard (flat) notches machined along the fusion line, which was 
perpendicular to the plate face. The C(T) specimens were tested at 288 C (550 F) at quasi-static monotonic 



Figure 4. Example of K-weld preparation with outsf-plane bulging of the fusion line at the root passes 

loading rates. Charpy specimens were tested at room temperature and 288 C (550 F). Data for cracks in the 
center of the weld and in the base metal were available from previous work@) for comparison with results in this 
program. 

The results showed that: 

(1) The value of toughness determined at the fusion line using a sharp crack specimen is highly sensitive to the 
crack tip location relative to the fusion line. This result was expected. 

(2) The J,,, values calculated from the Charpy energy data using the ASME Section XI Appendix H 
correlation were less than the C(T) specimen J,, values. Hence, the ASME Charpy energy correlation can 
be used, but it may be very conservative, e.g., by a factor of 9 in one case. 

(3) From the data developed in this paper, the initiation toughness of the stainless steel base metal is much 
higher than determined from either the SAW or the fusion line. The fusion-line initiation toughness Jk was 
greater than that at the SAW centerline. 

(4) The crack growth resistance at the fusion line appeared to reach a steady-state value, while the SAW J-R 
curve had an increasing J,-R curve, see Figure 5. This result may explain why in the pipe experiments, 
the cracks eventually turned and grew along the fusion line. Also, this result implies that the weld metal 
J-R curve should be used up to the fusion-lie steady-state J value for stainless steel welds. A large C(T) 
specimen test with the initial crack in the fusion line would help to confirm this conclusion. 
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Figure 5. Comparison of J,,, resistance curves for base metal, weld, and fusion line 

If the crack tip is slightly off the fusion line in the base metal, the initiation toughness may be high, but the 
crack can quickly grow into the lower toughness fusion l i e  and produce a decreasing J-R curve. Such a 
decreasing toughness curve has not been observed when testing homogeneous specimens. 

The most important conclusion is that the fusion-line J-R curve results can have an impact on the ASME 
Section XI austenitic pipe flaw evaluation criteria and LBB analyses for wrought and probably cast 
stainless steels. In the past, the weld metal toughness has been the limiting toughness; whereas the fusion- 
line and heat-affected-zone toughnesses have been given little attention. 

A final relative comparison involved comparing results from this program with those from experiments from the 
Degraded Piping Program. The implication from the comparison of the weld metal and fusion-line crack-tip- 
opening angle data from single-edge notched tension, SEN(T), specimens was that the fusion-line toughness was a 
factor of 3 less than that of the weld even at small amounts of crack growth, see Figure 6. The lower toughness 
of the fusion line at small amounts of crack growth was not observed in the work performed in this effort. A 
contributing factor may be the direction of crack growth in the SEN(T) versus C(T) specimens. In the C(T) tests 
performed in this effort, the crack is growing as a through-wall crack parallel to the weld; whereas, for the past 
SEN(T) specimens, the crack was growing as a surface crack. Conducting tests in the through-thickness or radial 
direction with SEN(T) or bend-bar specimens might help to clarify this discrepancy. 

Mamie Strain AdnP Evaluation8 

The incentive for this particular task in the Short Cracks Program was the NRC's concern over the occurrence of 
unstable crack jumps, see Figure 7, in ferritic nuclear pipe tests at LWR temperatures, and their potential effect 
on Leak-Before-Break (LBB) and in-service flaw evaluation criteria. Such instabilities had been observed 
previously in the NRC's Degraded Piping Programm and the International Piping Integrity Research Group 
(IPIRG) program(*). The overall objective of this task was to predict the occurrence of and evaluate the effects of 
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these ductile crack instabilities. These instabilities are believed to be due to dynamic strain aging (DSA), on 
flawed nuclear carbon-steel piping. DSA is a phenomenon observed in many carbon steels at light-water reactor 
operating temperatures. It involves interactions between highly mobile nitrogen and carbon atoms dissolved in the 
steel and moving dislocations associated with plastic strain. At certain combinations of strain rate and 
temperature, these interactions can lower the crack-growth resistance and can cause a stably growing crack to 
become temporarily unstable, Le., to jump. Specific objectives of this study were to: (1) establish a simple 
screening criterion to predict which ferritic steels may be susceptible to crack jumps, and (2) evaluate the ability 
of current J-based analysis methodologies to assess the effect of crack instabilities on the fracture behavior of 
femtic steel pipe. 

Regarding the establishment of a screening criterion, laboratory tests were conducted on specimens machined 
from four carbon steel pipes. The carbon steel pipe materials evaluated included ASTM A333 Grade 6, A515 
Grade 60, A106 Grade B, and a submerged-arc girth weld in an ASTM A106 Grade B pipe. Earlier work within 
the NRC's Degraded Piping Programm had indicated that these materials represented a range of susceptibilities to 
DSA and to crack instabilities. An A516 Grade 70 steel was also found susceptible to DSA in the Degraded 
Piping Programm, but was not included in this study. The tests in this study included tensile and Brinell hardness 
tests conducted over a range of temperatures to evaluate the susceptibility of each material to DSA, and 
companion fracture toughness tests using compact specimens over a range of temperatures to see whether a 
material's propensity for crack instabilities could be correlated with its susceptibility to DSA. Additionally, 
experiments were conducted to ascertain the reproducibility of crack jumps in replicate tests on a single material. 
Finally, crack jump behavior in compact specimens was compared with that in full-scale pipe fracture experiments 
for a number of different pipes from both the Short Cracks and Degraded Piping Programs. 

The laboratory tests revealed that steels susceptible to DSA exhibit a peak in both the ultimate tensile strength 
(UTS) and Brinell hardness number (BHN) at temperatures near the operating temperatures of light-water 
reactors, see Figure 8. The peak occurred at a higher temperature in the Brinell tests than in the quasi-static 
tensile tests. This is because the strain rate in the Brinell hardness test is approximately two orders of magnitude 
greater than in the tensile test and DSA is a rate-sensitive phenomenon. The ratio of maximum-to-minimum 
values in the strength or hardness curves provides a useful, though not completely reliable, measure of a steel's 
propensity for crack jumps. Hardness tests, because they are simpler and less costly to perform than tensile tests, 
and because they could be used to assess piping in situ or as a mill quality control test, are preferred over tensile 
tests for estimating susceptibility to crack jumps of both existing and future piping. Examination of both the 
laboratory specimen fracture data and the full-scale pipe test data indicated that the DSA-induced crack jumps are 
random in nature. As such, the prediction of the occurrence of DSA-induced crack jumps and their effect on 
toughness in pipe. tests from simpler laboratory tests will require the accumulation of more extensive data than are 
now available. In the interim, steels that test positive for crack jumps in the laboratory screening tests should be 
used with caution since some very large crack jumps have occurred in pipe experiments using these steels. 

Additionally, a review of data developed from the IPIRG-1 and IPIRG-2 programs(*) showed that changing the 
strain rate from quasi-static loading to rates comparable to seismic loading at 288 C (550 F) can have a significant 
effect on tensile strength and fracture toughness of ferritic steels. Some ferritic steel-base metals had a loss of 
both strength and toughness at seismic rates, see Figure 9, while one ferritic weld showed a significant increase in 
toughness at seismic rates. The different behaviors at 288 C (550 F) were shown to be due to DSA sensitivity 
over different temperature ranges for these base and weld metals. It may be possible to relate this drop in 
apparent resistance to the Brinell hardness number. Figure 10 shows a plot of the carbon steel C(T) data taken 
during the Short Cracks, IPIRG-1 and IPIRG-2 programs. This figure shows the relative change in fracture 
resistance due to an increased loading rate as a function of the change in the Brinell hardness number with 
increasing temperature. Clearly, as the Brinell harness ratio becomes greater than unity, the fracture resistance 
at seismic loading rates decreases rapidly. Note, this conclusion is based on the limited data shown in Figure 10. 
More toughness data needs to be generated before a clear trend can be identified. 
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The analysis efforts were directed at studying the crack tip fields in a C(T) specimen before, during, and after a 
crack jump event caused by DSA. Finite element (FE) analysis of one C(T) specimen was conducted using the 
experimental load-line displacement and crack growth data as input values. The loads as well as the values of J 
were then computed during the analysis. The predicted loads were in excellent agreement with the experimentally 
measured values for the plane strain analysis. The J-integral values along far-field paths calculated using domain- 
integral method agreed well with the corresponding values calculated using standard ASTM procedures, but only 
up to crack growth of 5.5 percent of the original uncracked ligament. For crack growth amounts beyond this 
point, significant deviation between the values calculated using the two methods was observed. This was 
consistent with results from past FEM analyses by other researchers. Also, the values of J decreased just prior to 
the crack jump. These discrepancies are attributed to the decrease in the elastic strain energy which overrides the 
contribution from the plastic dissipation. The crack opening profile from the FE results showed that the crack 
blunts upon the unstable jump and subsequently resharpens. 

A comparison between the FE results, experimental data and fractographic examinations suggests that even though 
the crack jumps are apparently random, stress triaxiality ahead of a stable crack is a necessary condition for crack 
jumps to occur in a material susceptible to DSA. However, further work is needed to substantiate this 
observation. 
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LEAK DETECTIONM3RIFICATION 

V1. Krhounek, J. %i'hrek, L. PeEinka 
Nuclear Research Institute ke& Czech Republic 

The Leak Before Break (LBB) concept is one of the most important methods ensuring an extremely low probability 
of guillotine-break of pipes. The LBB statute guarantees that for a loss of coolant less than the nominal, there is a 
probability of large LOCA 1Od/reactor year. 

Within the framework of the LBB project the loss of coolant experiments were performed in the State Machinery 
Research Institute BGchovice (SWSS). The aim of these experiments was to postulate the leak rates of the coolant. 
In the water loop it was possible to perform experiments under coolant pressure up to 19.7 MPa and temperatures up 
to 350OC. The circulation pump ensured a mass flow rate in the pipe up to 50 m3h-'. The functional scheme of the 
experimental set up is seen in Fig. 1. The experiments with leak rate 10 litres per minute were performed. 

The experimental specimens were prepared from pipes with diameters in the range from 89 mm to 219 mm and 6 m 
in length. The through-wall cracks were introduced in the pipe by fatigue cycling. The test specimen was located in 
the experimental part of the water loop. A hydraulic loading device was placed underneath the through-wall crack and 
various crack openings were imposed. The leak of coolant in the form of steam water mixture was passed through 
a condenser chamber where the steam phase of leak was condensed. The quantity of water was measured. 

During the experiment the following measurements were performed 
1. Pressure and temperature of the coolant in the experimental part of the water loop 
2. Quantity of the lost coolant 
3. Displacement of a specimen 
4. Acoustic emission 

After each experiment the specimen was fractured and the shape of the crack and the surface roughness were 
determined. The crack opening was calculated from the known geometrical data of the crack. The leak rate of the 
coolant was ,determined by means of the LEAKH code and results were compared with measured data. 

The following results were obtained: 
1. Small cracks were plugged with particles being available within the coolant. In large-crack experiments the 

influence of plugging was much smaller, probably in dependence on the maximum dimension of particles in 
the coolant. The size of particles found in the coolant within the experimental loop ranged up to 2 0 p .  It 
is believed that the plugging will have no effect in the cracks for which the leak rates above 35 litres per 
minute are assumed according to safety assessments. 
Taking into account the fact that the crack shape is very complicated the re-calculation of a crack opening 
is necessary. The calculations were performed by the PICEP code and new computations will be carried out 
using a finite element method. 
The leak rate safety margin of 10 is sufficient for cracks in which the leak rate is more than 5 litres per 
minute. 

2. 

3. 
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THE “LEAK-BEFORE-BREAK” APPLICABILITY IN DECISION SUPPORT SYSTEM “STRENGTH” 

Torop V. M *, Oqnyak I. V. and Kutovoy 0. L. ** 
’ Institute for Problems of Strength, 252014 Kiev, Ukraine 

** Institute of Structure Integrity, Aquilon-Ukraine Corporation, Kiev, Ukraine 

INTRODUCTION 

Serviceability of NPP’s pressure vessels and pipelines, as well as their service conditions are characterized by a big 
quantity of parameters which can vary in time. Today the trend in collecting information at NpPs implies, in 
addition to standard data transmitters, the use of automated strain measuring and diagnostic systems operating in the 
“on-line” regime. Furthermore, periodic nondestructive inspections of NPP pressure vessel and pipeline metal and 
welded joints are performed. The accumulated data arrays have to be processed in the context of the concepts of 
safety which either exclude failure of NPP critical equipment and pipelines, or substantiate local character of 
consequences of such Mure. For this reason, the solution of the problem of safe operation of NPP pressure vessels 
and pipelines, which requires the knowledge of many Werent disciplines and solving the problems in real time, 
came to be basically possible with the utilization of computer systems of artificial intelligence. The knowledge 
accumulated in various fields of activities of men can be formalized to the level of specific problems solution 
algorithms, whereas high-speed processors allow the solutions to be obtained in real time considering varying 
factors and operating on vast data arrays. 

A software complex (SC) “STRENGTH” has been developed at the Institute for Problems of Strength of the National 
Academy of Sciences of Ukraine which is oriented to solve the above problems in the regime of the decision support 
system. 

We shall demonstrate how the concept of “leak-before-break” safety has been realized in the computer decision 
support system “STRENGTH”. 

METHODOLOGICAL BACKGROUND OF THE “LEAK-BEFORE-BREAK” SAFETY CONCEPT 

The postulate of the “leak-before-break” safety concept which we use says: “Surface and part-through defects, which 
can be detected in NPP pipelines or pressure vessels by nondestructive inspection, should not be critical (i. e. should 
not cause a supercritical crack growth) under normal service conditions and / or when the latter are upset, and when 
their fatigue or corrosion-fatigue extension leads to the formation and stable growth of a through crack with a 100 % 
possibility to detect the outflow of a coolant through it”. 

Since pipelines and pressure vessels of most NPPs were designed without considering the concept “leak-before- 
break”, the first stage of solving the problem involves the analysis of the operating pipelines and pressure vessels in 
terms of the above postulate. For the pipelines and pressure vessels which do not meet the requirements of the “leak- 
before-break” concept postulate, we locate dangerous sections and define critical size of d a c e ,  part-through and 
through defects capable of initiating brittle, mixed-mode or ductile fracture. Since multioptional computations of 
current loading parameters for different types of defects, and of varying properties of the metal and welded joints are 
required, the software complex “STRENGTH” has to be used. Owing to the fact that service regimes for NPP 
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pipelines and pressure vessels are rigidly regimented, SC “STRENGTH” can be used with the files of stress-strain 
state computed earlier for normal service conditions and for the upset ones. In order to reduce the amount of 
computations for obtaining current values of the stress intensity factors, the SC ‘‘SmNGT”’ employs the weight 
function method [1-4], whereas for the computation of ductile fracture limit load it employs the fracture models for a 
pipe with an axial surface crack [5,6], with an axial through crack [7], with a crack in the connection zone [SI, for a 
pipe with a surface defect 191. 

The PU value describes the limit load level. To define current loading conditions in terms of ductile failure criteria 
it is helpll to use the notion of reference stresses introduced by Ainsworth [lo]. 

P 
0, = ou-= a;S, 

PiL 

where a, is the ultimate strength of the material. 4 can be also defined using another procedure which does not 
require a formal usage of the ultimate strength and yields identical or values. It is described elsewhere [9]. There 
4 is the imaginary thought-for ultimate strength at which a body with a specified system of external loads is in the 
ultimate state. 

Thus, NPP pipelines .and pressure vessels are separated into those which fit the aforementioned postulate of the 
“leak-before-break” concept and those which do not. For each group recommendations are elaborated for keeping 
track of their serviceability. 

In the second stage of the use of the “leak-before-break” concept, specific defects detected by the NDT 
instrumentation in NPP pipelines and pressure vessels are analyzed. The analysis is based on the twocriteria 
approach devised by the authors [11, 121 and on the classification of defects by the degree of their danger developed 
on its basis. 

The degree of the defect danger is characterized by the mode of possible failure (brittle, mixed-mode or ductile) and 
by a real safety factor, whose magnitude depends on the defect dimensions (considering its orientation and location), 
geometrical parameters of the object, mechanical properties and characteristics of the material or welded joint and 
loading conditions (external loading factors). Therefore, a correct classification of defects by the degree of their 
danger should take into account at least four groups of factors which characterize the defect, the object, the properties 
and loads [13]. Other factors, such as the influence of the environment, loading rate, service temperature, fluence, 
etc. are considered by dependences, e. g. by the dependence of mechanical properties and fracture toughness 
characteristics of materials upon the above parameters or by the dependence of current (computed) loading 
parameters, e. g. stresses or stress intensity factors, upon the load application rate, etc. 

An important place in the classification of defecr and in the consbudion of computation schemes belongs to the 
problems of schematization. The basis of schematization is the principle of a conservative estimate which results in 
that the lack of knowledge leads to an increase of a safety factor. In accordance with this principle, the minimum 
values of mechanical properties and fracture toughness characteristics of metals and their welded joints are used in 
the computations; in the case of brittle fracture three-dimensional defects are substituted by crack-like ones. 
Schematization of defects involves not only bringing them to canonical types for which the solutions are available, 
but also implies that the propagation of schematized defects represents most closely the growth of real defects. For 
example, the use of stable modes of fatigue crack growth [14] for the prediction of real crack behaviour is an 
illustration of the above statement. 

Schematization of structural elements involves the rules of strength of materials discipline, wherein structural 
elements are interpreted as beams, cylinders, frames, etc. Specific rules are used to interprete load signals from 
pipelines and pressure vessels coming on-line from strain-measuring systems. 



A twocriteria fracture assessment diagram presented schematically in Fig. 1 and proposed earlier in [ll-131 is an 
illustration of a possible classification of defects by the degree of their danger which takes into account the four 
groups of factors mentioned above. 
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K 

Fig 1 The use of a fracture assessment diagram to classify defects by the degree of their danger. 
A = surface or part-through defect; 0 = through-the-thickness defect 

Here K,J, is the threshold value of the current (calculated) fracture mechanics parameter, CXI is the material fatigue 
limit. These parameters are related to the beginning of subcritical growth of a crack-like defect. KI (u = const) is a 
characteristic value of the stress intensity factor for a specified propagation rate 2) of a crack-like defect, 4 (u = 

const) is the value of the reference stress at a specified rate u = const of the defect growth in a cycle, KrC is the 
critical value of the material static fracture toughness, Pu. is the limit load of ductile fiacture, Tb is the critical 
temperature of the brittle-to-mixed mode fracture transition, Td is the critical temperature of the mixed-toductile 
fracture transition. 

The ordinate axis K, (KI / KlC) of the fracture assessment diagram (Fig. 1) involves the criteria of the linear elastic 
fracture mechanics, while the abscissa axis S, (P /PU. ) involves those of the ultimate plastic state. 

Thus, three. characteristic regions can be distinguished on the fracture assessment diagram (Fig. 1) for which it is 
possible to arrange three characteristic classes of defects. We shall designate region I as “noise” since it is bounded 
by the limit curve K,h/Klc = f ( o-l/ou). This means that the defects located within region I will not grow under 
the given conditions. 

Region 11 is the region of controlled (subcritical) growth of defects. In this region one can construct limit curves 
which characterize the growth of crack-like defects at the rate 2) = const. The limit curve (4-Tb-Td-B) corresponds 
to the transition from the region of the controlled growth of defects to the region of their supercritical growth. In this 
case if part-through or surface defects in region 11 extend to become through ones, whose stable growth can be 
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detected by the coolant outflow facilities until they intersect the limit curve (A-Tb -T’-B), they are classified as “leak- 
defects”. Otherwise the defects are referred to “breakdefects”. 

REALIZATION OF THE “LEAK-BEFOREBREAK” CONCEPT IN THE DECISION SUPPORT SYSTEM 
“STRENGTH” 

Decision support system (DSS) [15,16] has been developed for strength accompaniment of safe operation of pressure 
vessels, pipelines, storage tanks and other structural elements during their life cycle (beginning with engineering 
design and ending with taking a decision to remove them from service), including the cases when defects of Merent 
origin are detected. Its structure and functions are presented in a block diagram of Fig. 2. 

Basic principles of the DSS “STRENGTH” functioning S o r d  structural strength assessment and life prediction for a 
defect-free or defected structural element taking into account the diveisity of service conditions. Strength 
accompaniment of the diagnostics object has been oriented to multilevel representation of the life cycle of the defect 
growth from its nucleation to the assessment of consequences of possible failure caused by the growth of this defect. 

The software complex offers the following possibilities: 

.solving the problems on the assessment of structural strength, predicting residual service life, defect 
nucleation and growth kinetics, scheduling the inspection and maintenance intervals; 
.giving recommendations to the users as to the choice of materials, the limiting allowable defect sizes, the 
parameters of hydraulic testing and hydrostatic prestressing, the choice of rational service regimes, 
scheduling of the inspection intervals, the time and methods of load-carrying capacity recovery for a 
structural element with defects. 

The software complex is intended for use by the organizations engaged in designing, assembling and operation. 

The SC ‘‘SWNGT”‘ is designed to be used in a stand-alone regime and / or as a part of the automated expert 
diagnostics system. The SC structure incorporates three blocks: 

1. The “Idormation model of the diagnostics object” data-base management system (DBMS) intended for the data- 
base updating: 

*The “Objects” data-base which stores information on geometrical dimensions and attitude of structural 
elements; 
.The ”Defects” data-base containing information on the detected defects (their geometry, orientation and 
location site); 
*The “Loads” data-base which stores information on external loading factors; 
*The “Properties” data-base containing information on mechanical properties and fracture toughness 
characteristics of materials and their welded joints under real service conditions, environment, temperature, 
loading rates. 
0 

The “information model of the diagnostics object” DBMS has been organized in such a way as to afford the 
simplicity of the data input and on-line access to all the information and the possibility of its presentation in the most 
convenient and clear form. 

2. The “Computation modules” consisting of the software packages: 
.computation of the stress-strain state, stability and strength assessment in terms of allowable stresses 
(according to the National standard documents ASME code, R6, etc.); 
 calculation of the stress intensity factors by the weight function method, 
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*calculation of the ductile fracture limit load; 
*tw&teria failure diagram; 
*evaluation of strength under lowGycle loading and calculation of lifetime to crack nucleation; 
*evaluation of lifetime for structural elements with crack-like defects; 
*reliability and probabilistic aspect of failure. 

The main requirement imposed on the computation modules is reliability and high-speed solution of problems. 

The third block is “Technological problems and recommendations”. 

The owners of equipment and engineering and technical M, who operate this equipment, need a system for the 
support of decisions on strength important for safe operation, timely repair or replacement of the equipment. For this 
reason, even the names of such technological problems as “Prestressing”, “Prestressing terms”, “NDT inspection 
intervals”, “Maintainability”, “Thermal shock” are self-explanatory. The solution of the problem “leabbefore- 
break” described above also refers to technological problems. Algorithnp of their solutions are based on the 
aforementioned blocks (the DBMS “Information model of the diagnostics object” and “Computation modules”) not 
only because of multioptional cumbersome computations, but also because initial information on serviceability and 
technological features of the processes occurring in NPP pipelines and pressure vessels considered should be 
arranged according to certain laws. 
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APPLICATION OF LBB TO HIGH ENERGY PIPING 
SYSTEMS IN OPERATING PWR 

S. A. Swamy, D. C.'Bhowmick, Westinghouse 
Nuclear Technology Division, Pittsburgh, PA, U.S.A. 

The amendment to General Desigo Criterion 4 allows exclusion [l], from the design basis, of dynamic effects associated 
with high energy pipe rupture by application of leak-before-break (LBB) technology. This new approach has resulted in 
substantial financial savings to utilities when applied to the PressuriZed Water Reactor (PWR) primary loop pipiig and 
auxiliary piping systems made of stainless steel material. To date majority of applicarions pertain to pipiig systems m 
operating plants. Various steps of evaluation associated with the LBB application to an operating plant are -bed in 
this paper. 
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1.0 INTRODUCTION 

General Design Criterion 4 (GDC4), "Environmental and dynamic effects design bases," requires the consideration of the 
dynamic effects of postulated loss-of-coolant accidents, including missiles, pipe whipping, and discharging fluids. In 
October 1987, the NRC revised GDC4 (via the broad scope final rule, 52FR41288) to allow the use of Leak-Before-Break 
(LBB) concepts to exclude the dynamic effects of postulated pipe ruptures from the design basis of certain plant structures. 
The LBB technology has been used since 1978 to justify elimination of postulating pipe breaks in high energy piping 
systems m pressurized water reactors (PWR). Use of LBB technology saved substantial backfit costs to many operating 
plants. Application of this technology to plants under construction also results in significant cost savings due to substantial 
reduction of whip restraints, jet shields, and associated analysis and documentation. Added cost savings result due to 
reduced man-rem exposure during inservice inspection and maintenance. Improved inspection reliability is achieved due 
to less clutter and better accessibility of inspection area. The dynamic effects resulting fkom pipe rupture which can be 
virtually excluded from the piping design basis include the following: 

Missiie generation 
Pipewhipping 
Pipe break reaction force 
Jet impingement forces 

0 

Decompression waves within the ruptured pipe 
Dynamic or nonstatic pressurization in cavities, subcompartments and compartments 

The general guidelines for LBB demonstration are contained in References 1,2 and 3. Specific requirements, criteria and 
associated steps of evaluation to demonstrate LBB for the Reactor Coolant System (RCS) in an operating PWR plant are 
summarized m this paper. 

2.0 REQUIREMENTS AND CONDlTIONS FOR APPLYING LBB 
TO OPERATING PWR PLANTS 

1. The plant leak detection system must be capable of detecting 1 gpm leakage as specified in Regulatory Guide 1.45. 

2. LBB should be applied to the entire piping system anchor to anchor. 

3. Only high energy piping in nuclear power units is covered by the LBB acceptance criteria (P >275 psig, or T >20O0F). 

4. The probability of rupture of the candidate pipe should be "extremely low" (of the order of 109. 

5. The analysis must address 

- Erosion Corrosion 
- WaterHammer - Stress Corrosion Cracking - Low Cycle Fatigue - High Cycle Fatigue 
- creep 



6. 

7. 

8. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

LBB evaluation should use design basis loads and should be based on the,as-built configuration. 

There are various analytical requirements such as 

Availability of: 

- Valid Leak Rate Calculations 
- Valid Fracture Mechanics Calculations - - - 

Valid Approach to Address Long Terms Effects Such as Thermal Aging 
Valid approach to incorporate the effects of thermal stratification 
Material property data and valid correlations for strength and toughness properties of welds and base metals. 

Assure that the material is not susceptible to cleavage-type fracture over the full range of system operating 
temperatures. 

3.0 LBB EVALUATION STEPS 

Calculate the applied loads. Identify the location at which the highest stress occurs. 

Identify the materials and the associated material properties. 

Postulate a surface flaw at the governing location. Determine fatigue crack growth. Show that a through-wall crack 
wil l  not result. 

Postulate a through-waJl flaw at the governing location. The size of the flaw should be large enough so that the 
leakage is assured of detection with margin using the installed leak detection equipment when the pipe is subjected 
to normal operating loads. A margin of 10 is demonstrated between the calculated leak rate and the leak detection 
capability. 

Using faulted loads, demonstrate that there is a margin of at least 2 bemeen the leakage size flaw and the critical size 
flaw. 

Review the opemting history to ascertain that erosion-comsion operating experience has indicated no particular 
susceptibility to failure from the effects of cornsion, water hammer or low and high cycle fatigue. 

For the base and weld metals actually in the plant provide the material properties including toughness and tensile test 
data. Justify that the properties used in the evaluation are representative of the plant specific material. Evaluate long 
term effects such as thermal aging where applicable. 

Demonscrate margin on applied load. The leakage size flaw should be shown to be stable for a load equal to 
fl times the faulted load. Per Reference [3], this factor on load can be reduced to one if all the faulted loading 
components are combined based on individual absolute values. 

7 27 



4.0 THERMAL AGING ISSUE 

In a nuclear power plant of Westinghouse design the primary piping may be forged or cast stainless steel and varies from 
plant to plant. The large primary loop fittings are always cast. Both forged and cast product f m s  exhibit exceptionally 
high toughness in the as-built condition; however the cast material is susceptible to thermal aging. Essentially, the fracture 
toughness may be significantly reduced with time at operating temperatures for the cast material. The toughness 
degradation in cast austenitic stainless steel has been attributed mainly to the successive precipitation of chromium in the 
ferrite phase due to the large miscibility gap in the Fe-Cr binary system. During aging at temperature, the ferrite phase 
gradually develops a cleavage transition behavior somewhat like that of ferritic stainless steel. 

The thermal aging toughness degradation has only within the last decade been recognized as occurring in cast stainless 
steels at the operating temperatures of nuclear reactors. Useful material test data and acceptance criteria became available 
only recently. 

The.deuimental effect of thermal aging on the cast stainless steel material is shown in Figure 1 for a typical cast stainless 
steel material. As can be seen the initial toughness of this material measured in terms of J,, drops by over 50% in 12,OOO 
hours at typical PWR plant operating temperature. Detailed review of materials data for many heats of the cast stainless 
steel material indicates that the end of life Eracture toughness could be reduced by over a factor of five which raises 
concerns about the mtegrity of the piping system. 

The thermal aging issue has been technically addressed and the procedure currently used by the authors to address thermal 
aging has been approved by the U.S. NRC. 

5.0 EFFECl? OF TEERMAL STRATIFICATION 

The effect of thermal stratXcation phenomenon must be evaluated where applicable. For example, the pressurizer surge 
line in a PWR is known to be subjected to thermal straWication. Thermal stratifkation in the pressurizer surge line is the 
direct result of the difference in densities between the Pressurizer water and the generally cooler RCS hot leg water. the 
lighter pressurizer water tends to float on the cooler heavier hot leg water (see Figure 2). The potential for stratification 
is increased as the difference in temperature between the pressurizer and the primary loop hot leg increases and as the 
insurge or outsurge flow rates decrease. 

At power, when the difference in temperature between the pressurizer and the primary coolant loop hot leg is relatively 
small, the extent and effects of sfratification have been observed to be small. However, during certain modes of plant 
heatup and cooldown, this difference m system temperature could be as large as 320°F, in which case the effects of 
stratification are significant. 

The effects of stratification must be incorporated in the LBB evaluation by considering all the modes of plant operation 
since the stratification effects vary from mode to mode. This results in multiple LBB calculations due to variations of loads 
(both with respect to time and location). 



6.0 DISCUSSION AND CONCLUSION 

The modified GDC-4 provides the regulatory basis for eliminating postulation of breaks in high energy piping systems in 
a nuclear power plant. The approach, criteria and the steps of evaluation have been summarized in this paper. Phenomena 
such as thermal aging of austenitic stainless steels and thermal stratification have significant impacts on the integrity of 
the piping systems. Thermal aging reduces the toughness of the material thereby reducing the ability to withstand high 
magnitude of loads in the presence of flaws. Thermal strarification causes high magnitude of loads. Clearly, the thermal 
aging and thermal straWiication effects must be evaluated and incorporated as part of the piping integrity demonstration 
using the LBB technology. 
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A PROBABILISTIC METHOD FOR LEAK-BEFOREBREAK ANALYSIS OF CANDU REACTOR 
PRESSURE TUBES' 

M.P. PUIS?, B.J.S. Wilkins?, G.L. Rigby?, J.K. Mistry# and P.J. Sedran# 
?Materials and Mechanics Branch, AECL, Whiteshell Laboratories, PINAWA MB ROE 1LO CANADA, #Reactor 

Engineering Services Department, AECL, Sheridan Park, MISSISSAUGA ON L5K 1B2 CANADA 

1. INTRODUCTION 

In the core of current CANDU@%eactors, cold-worked Zr-2.5Nb pressure tubes (PTs) are used to contain the fuel 
bundles and the Primary Heat Transport System (PHTS) fluid. At operating conditions, the P T s  are subject to 
pressures ranging from 11 to 9 MPa and to temperatures ranging from -250°C at the inlet to -310°C at the outlet. 
Over their 30 year design life, the tubes would be subjected to a total fluence of 3 x 1026nm~*, degrading their 
fracture toughness properties. In addition, the PT's gradually pick up deuterium as a result of a slow corrosion 
process, and if the hydrogen (H) plus deuterium (D) concentration were to exceed the H/D solvus, the tubes would 
be susceptible to a crack initiation and growth process called delayed hydride cracking (DHC). If undetected, 
crack growth by DHC may lead to PT rupture. Each PT is surrounded by a calandria tube which is used to 
separate the moderator from the PT. The annular space between the PT and the calandria tube is filled with 
recirculating gas. Coolant will enter the gas annulus should there be a penetration of the PT wall. The annulus 
gas system (AGS) is equipped with sensitive dew-point monitors to detect the presence moisture in the AGS and 
with 'beetle' sensors to detect liquid which may condense in the AGS. Operating procedures for responding to 
indications from the AGS instrumentation of a PT leak, outlined further on, are in place in all CANDU reactor 
stations. Once a leak has been confirmed, the procedures require a systematic shutdowdcooldown of the reactor, 
to minimize the risk of PT rupture. Therefore, the early detection of moisture after through-wall cracking of the 
PT, is essential for assuring PT rupture is avoided, which is the definition of Leak-Before-Break (LBB) [l]. LBB 
in PT's requires that in the event of through-wall cracking, the crack length at all times from the start of leakage to 
when the reactor has been shutdown to a cold and depressurized state, will be less than the critical crack length 
(CCL) for unstable propagation. For a given incident of through-wall cracking, an LBB analysis consists of 
calculating CCL as a function of PHTS pressure and temperature, and crack length, L(T,t) at discrete times, from 
the start of leakage at t = 0 to when the reactor is cold and depressurized. L(T,t) for double-ended crack growth is 
given by: 

L ( T, t) =LP+2s  tDHCV( TI dt (1) 
0 

where LP is the initial crack length at first breakthrough and DHCVO is the axial velocity of the crack tip, 
which depends strongly upon PHTS temperature. The considerable variability in the parameters of LBB analysis 
has led to'the development of probabilistic methods of LBB analysis [2]. The BLOOM code is the latest of a 
series of computer programs written for the probabilistic LBB analysis of CANDU reactor PTs. 

'Partially funded by the CANDU Owners Group (COG) under WPIR 2-31-6634 

'CANDU w a d a  Deuterium Uranium) is a registered trademark of Atomic Energy of Canada Ltd. 
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2. SEQUENCE OF EVENTS FOLLOWING LEAKAGE INTO THE AGS 

The AGS is instrumented with hygrometers for the continuous monitoring of dew point temperature which, under 
normal PHTS operation, rises slowly as deuterium diffuses from the PHTS into the AGS. Hardware and software 
have been implemented for the sounding of alarms should abnormally high dew-point (or rate-of-rise) levels be 
detected. If a crack (length LP) were to penetrate the PT wall, PHTS vapour would leak into the AGS and the 
dew-point rate-of-rise would be much higher than normal. Depending on the crack location and the AGS 
configuration, there is a characteristic time required to produce a dew-point alarm after the crack has penetrated 
the tube wall. In the AGS, the fuel channel annuli are connected in series to form individual AGS strings. The 
PHTS vapour will condense and partially fill the fuel channel annuli in the AGS string prior to leaking into the 
beetle well, located at each end of the AGS strings, activating the beetle alarm. The leak rate into a collection 
tank located downstream of the beetle well can be measured. The amount of leakage required for a beetle alarm 
to sound depends on the location of the leaking PT in the AGS string and on the number of annuli comprising the 
AGS string. The rate at which PHTS fluid would leak into the AGS is an important parameter since it would 
influence the timing to a beetle alarm and the rate of collection in the beetle well. Either type of alarm can occur 
first. Dew-point and beetle alarms are treated independently since they are different methods of leak detection 
and, in general, lead to different actions. 

Although procedures for responding to AGS indications are station-specific, common features are as follows. 
With the first indication of excessive moisture in the AGS, the operator must start activities to confirm the 
indication. A cold finger sample is to be taken And analyzed for percent isotopic D,O and 3H (tritium). If the 
analysis shows that the leak is from the PHTS, the reactor must be shut down to Zero Power Hot (ZPH) to 
commence leak rate monitoring. The reactor must be cooled down and depressurized given any of the following 
conditions: (1) a collection rate from the PHTS of D,O exceeding 2 kgh, (2) reaching a time limit after a 
c o n f i e d  beetle alarm or, (3) identification of the AGS string containing the leaking PT. It is possible for the 
beetle alarm to occur before dew-point rate-of-rise alarm indication is received. If the beetle alarm is confirmed, 
the reactor will be shut down to ZPH and then depressurized and cooled after a prescribed time limit. The 
cooldown from ZPH to the cold, depressurized state at which the crack stops growing, must follow a specific 
pressurehemperature path, designed to maximize, within practical limits, CCL during the cooldown. The cold 

I , C C L  _I 

Figure 1 Cross-section of PT wall showing LBB scenario for a shutdown sequence. 
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depressurized state means negligible PHTS pressure (-0.2 MPa) and a temperature in the range from 50 to 40°C, 
depending on reactor. 

A generic scenario for crack growth during the sequence of events is shown in Figure 1. It is assumed that a 
crack initiated at the PT inner surface has grown by DHC [3,4] in the radial-axial plane and has penetrated the 
tube wall (at length LP), leaking coolant, and will grow in the inboard and outboard directions. LD is the crack 
length at the fust alarm. If crack initiation is close to a Rolled Joint (RJ), the outboard crack tip will stop at the 
RJ (because of compressive stresses). The inboard tip will continue to move toward the reactor core with a 
velocity DHCV, until either the crack becomes unstable, or the reactor is put into the cold, depressurized state and 
the crack stops growing, Note that between LP and DRJ, when DRJ I LD, and between LP and LD, when DRJ 2 
LD, the crack grows at both ends and dL/dt = 2.DHCV; but between DRJ and LD, when DRJ S LD, the inboard 
crack has stopped at the RJ and growth is single ended, so that dL/dt = DHCV. 

Unstable fracture, which constitutes Break-Before-Leak (BBL), is possible before any or either of the alarms is 
activated and before the outboard crack tip reaches the RJ. 

' 3. METHODOLOGY OF PROBABILISTIC LBB ANALYSIS 

Since some of the main parameters of the LBB analysis, ie, CCL, DHCV and LP are distributed quantities with 
considerable variability, the difference between the crack length, L(T,t), at any given time from the start of the 
sequence of events and the CCL, which will determine whether LBB will be achieved, will vary substantially from 
case to case. However, in a deterministic LBB analysis, lower-bound values of CCL are compared with values of 
crack length, based on upper-bound values of LP and DHCV [l]. The deterministic analysis represents only one 
of a number of possible scenarios which can result from the occurrence of through-wall cracking of a PT. In 
addition, the overall probability of BBL associated with the deterministic case cannot be determined while the 
results of the deterministic analysis may be too conservative. 

In contrast, in the probabilistic analysis, CCL, DHCV and LP are each assigned a range of possible values and 
specific values are selected from within this range over a number of distinct simulations (realizations) of the 
growth of the crack during the sequence of events. The probabilistic LBB method will predict the probability of 
F T  rupture for the entire set of possible realizations. 

The mathematics involved in a probabilistic LBB analysis have been described in [2]. Earlier codes, such as 
MARATHON [2], calculated the cumulative distribution function of the time to LBB, resulting in the storage of 
large arrays that precluded the use of a personal computer (PC). BLOOM departs from this practice. It simplifies 
the computation by counting cumulative ruptures at times after the start of leakage, specified by the user. This has 
allowed for PC-based calculations. 

Basically, BLOOM produces a number of realizations, which are numerical simulations of crack length and CCL 
obtained during the sequence of events described, at discrete times after the start of leakage. BLOOM contains 
algorithms to account for: (1) the variation of DHCV with PHTS temperature as the PHTS is cooled, (2) the 
variation of CCL with PHTS temperature and pressure as the PHTS is cooled and depressurized, (3) the variation 
of leak rate with crack length and PHTS pressure, and (4) the variation for the time and water quantity required to 
set off the dew-point and beetle alarms, respectively. 

All of the parameters are assumed to be normally distributed (and some vary with the coolant condition), except 
for DHCV which is assumed to be lognormally distributed. BLOOM was designed for Ontario Hydro's Bruce, 
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Darlington and Pickering reactors, but can be used to analyze any existing CANDU reactor that has characteristics 
similar to the foregoing ones. The users are required to specify: (1) mean and standard deviation values for LP, 
for DHCV at predetermined temperatures, and for CCL at predetermined temperatures and pressures in the 
shutdownkooldown, and (2) AGS characteristics. For modelling the cooldown (Figure 2), from ZPH, seven times 
(TMl I TM2 I TM3 I TM4 I TM5 I TM6 I TM7) at which the above CCL parameters are calculated, may be 
input by the user. Between certain specified times, e.g., between TM2 and TM3, coolant pressure is kept constant. 
Pressure changes occur abruptly at specified times, if desired. 

DHCV follows an Arrhenius relationship with temperature [3,4]. In BLOOM this Arrhenius relationship is 
expressed as: 

Log,,,DHCV = Log,,a + (yLog,lO)/T. 
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I 1  
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0 TM1 T M 3  T M 5  TM7 

Time 

FTgure 2 A possible cooldown sequence from ZPH showing how CCL could vary with time as PHTS pressure 
and temperature are changed. 

Required input are the mean and standard deviation of Log,,DHCV. T is the temperature that corresponds to the 
mean of Log,,DHCV. Given values for Log,,DHCV, yLogJ0 and T, a corresponding value for a is calculated. 
For a given realization, DHCV is found as a function of temperature only. 

The leak rate dQ/dt is modelled as a function of L (the crack length) and the PHTS pressure, P: 

dQ/dt = K-L”-P” (3) 

where K and m are constants, treated as distributed variables. This equation is a lower-bound curve derived from 
experimental data and takes account of the possible difference between the maximum axial extent of the crack in I 
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the wall of the tube (L) and the length of the crack at the outer surface. The AGS characteristics are defined by 
the two distributions: (1) the time to dew-point alarm (TMDP) and (2) the quantity of water (QF) needed to 
activate the beetle alarm. The distribution of TMDP is defined by a set of paired variables: a value of time to 
dew-point alarm err;) and the percentage of FT's in the core to which TF would apply. The same scheme is used 
for defining the distribution of QF. 

Monte Carlo (MC) selection is made from the distribution of LP and DHCV to estimate the crack length. This 
process is repeated at each specified time in the shutdown sequence to create independent realizations of crack 
length and the appropriate CCL. The appropriate CCL also is selected by the MC process. The derivation of the 
mean and standard deviation values to describe the distribution of CCL was deliberately omitted from BLOOM 
and must be carried out separately by the user. Forcing the user to evaluate the CCL distribution separately 
emphasises the need to carefully examine the fracture toughness data to assess their range of validity and 
applicability to the probabilistic analysis. In addition, improvements in the data base for fracture toughness (CCL) 
can be taken into account without having to alter the BLOOM code. The probability of PT rupture at any time is 
the quotient: (number of PT ruptures predicted)/(cumulative number of realizations plus one). 

3.2 F.s timation of Cra ck Size at and After an Alarm 

BLOOM estimates separately the crack size (LD) at the dew-point alarm and at the beetle alarm. Assuming both 
alarms are available, the one associated with the smaller value of LD must occur first. 

If the beetle alarm were to occur first, the crack length can be estimated using Equation 3. Integration of Equation 
3 provides an expression which can be solved for LD in terms of QF, LP and DRJ. Different integration limits 
apply, depending on whether LP I DRJ I LD or LD I DRJ. If the dew-point alarm occurs first, a somewhat 
more complicated procedure is needed to determine the crack length at the beetle alarm, depending on whether or 
not a ZPH shutdown is instigated. 

If the dew-point alarm comes first, the estimation of the crack size at the dew-point alarm is determined from the 
time, TMDP, to activate this alarm. As an example, if LP I LD I DRJ, the crack length, LD, at the dew-point 
alarm is found from TMDP = (LD-LP)/(2.DHCV). 

Once an alarm has been activated, leak confirmation activities would start. A shutdown to ZPH would precede a 
cooldown to the cold, depressurized state. While the reactor is in (or approaching) the ZPH state, various hold 
times are specified after which the reactor shutdownkooldown is begun. The calculations of crack lengths at these 
hold times involve the solution of straightforward algebraic expressions, but their solution are made complex 
because the correct crack length is obtained by choosing the crack length that satisfies the appropriate inequality 
between the lengths shown in Figure 1. These inequality relations differ depending on the possible location of the 
crack in relation to the RJ. 

53 co u w .  Prob ability and Generaw of Random Variables - 
For each realization, the crack lengths predicted at dew-point and beetle alarm and at the discrete times, TM1 to 
TM7 (beginning with L1 - the crack length corresponding to time, TM1) are taken in sequence and compared with 
the estimate of CCL under the PHTS conditions at the corresponding time. There are eight possibilities: CCL S 
L1 through to CCL I L7, and L7 I CCL. If CCL I L1, the realization is counted as a PT rupture at time S TM1, 
and at times I TM2 through TM7. It does not matter that later pressure reductions may increase the CCL; the 
tube has already ruptured. If CCL 2 L1, no count is made and CCL is then compared with L2, etc. Similarly, if 
LD 2 CCL, the tube is counted as having ruptured at times I t = 0 and at times I TM1 to TM7. 
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W O c g )  

TMDP (h) 

% 

At time TM1, if N1 is the number of realizations for which PT rupture has occurred (including those that ruptured 
at t = 0) and N is the total number of realizations, then the cumulative probability (CPROB) of PT rupture at TM1 
is Nl/(N + 1). Similarly, if the number of realizations for which rupture has occurred at time TM2 (including 
those that ruptured at time I TMl) is N2, then the CPROB of tube rupture at TM2 is Nu(N + 1). Thus (N2 - 
Nl)/(N + 1) is the probability (PROB) of tube rupture occurring between times TM1 and TM2. In the above 
manner the CPROB (PT rupture) can be found at a dew-point alarm, at a beetle-alarm time (and at various hold 
times) and at times TM1 through TM7 (Le., throughout a shutdownkooldown procedure). Also PROB (PT 
rupture) can be found for the interval between any two of the above times. 

10 20 30 40 50 60 70 80 90 100 110 120 

0.07 0.17 0.31 0.47 0.64 0.83 1.0 1.19 1.4 1.6 1.79 2.0 

10 10 10 10 9.17 9.17 9.17 8.33 7.5 6.67 5.83 4.16 

To ensure that the selection process is as random as practical, care was taken to choose a pseudo-random number 
generator with a sufficiently high periodicity. The number generator used in BLOOM is based on Marsaglia’s 
method [SI, which, in theory, should have a periodicity of 4 x lo’. Tests were carried out to show that the 
periodicity of the generator is at least 1 x lo’. Using this random number generator, a pseudo-random number, P 
(0 c P c 1) is generated for the MC process. From X = F’(P), where F’(P) is the value of the inverse, standard, 
cumulative probability function for the chosen probability, P, a random selection of a variable, A, is obtained, 
according to A = pA + Xo,, where pA and 0, are the given mean and standard deviations, respectively, of A. If 
the random number generator were sufficiently random, for a large number of realizations, the distributed variables 
should have pA and 0, values close to the given ones. Specific tests showed this to be the case. 

Time Step 

TimeCh) 

4. TYPICAL OUTPUT OF A PROBABILISTIC ANALYSIS 

0 TM1 TM2 TM3 TM4 TM5 TM6 

0 0.001 0.691 0.971 1.321 1.741 1.771 

An example of typical input conditions for a probabilistic analysis are summarized in Table 1. The results of this 
probabilistic analysis for a run having N= 9345 realizations are summarized in Table 2. 

T (“C) 

prn(=) 

Table 1. Input Conditions for a Typical BLOOM Run. 

253(TO) 258(T1) * 175(T3) * lOO(T5) * 
52.5 69.8 60.3 60.3 81.7 69 77.0 

(a) Water quantities needed to activate the beetle alarm, WT, and time intervals needed to activate the dew-point 
alarm, TMDP, plus corresponding percentages (%) of total tubes requiring these given amounts. 

(b) pK (OK> = 3.6 (0.01); pm (om) = 2.5 (0.001); P = 10.5 and 7.5 MPa at first leakage and at the end of the ZPH 
shutdown, respectively; pnRl (oDM) = 25 (0.01) mm; pLp (qP) = 16 (1) mm. 

(c) Time, temperature 0, mean and standard deviation of the critical crack length (pcn and occJ at temporal 
Doints 0. TMl to TM7 (*linear reduction in temuerature between adioining temueratures) 
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Table 2. Results of Probability and Cumulative Probability for the Input Conditions of Table 1. 

a) BBL possibilities before shutdowdcooldown (shutdown time clock is at 0 h for all possibilities): 

Event 
Labels Shutdowdcooldown 

i 0 Break before any alarm 

ii 0 Beetle alarm; break during ZPH shutdown 

iii 

iv 

V 

vi 

Probability Possible Outcome of Events Prior to Reaching Conditions for a 

0 

3 x lo4 

0 

2 x lo4 

Beetle alarm; break during ZPH shutdown at times < specified hold time 

Dew-point alarm; break during ZPH shutdown; no beetle alarm 

Dew-point alarm; break during ZPH shutdown after beetle alarm 

Dew-point alarm followed by beetle alarm during the ZPH shutdown; 
break before time < specified hold time (after beetle alarm) 

Dew-point alarm followed by ZPH shutdown; break during ZPH hold with 
no beetle alarm 

Dew-point alarm followed by a ZPH shutdown, then beetle alarm; break 
at time < specified hold time (after beetle alarm) 

Total (cumulative probability) of probabilities i to viii which do not reach 
the start of shutdowdcooldown 

vii 2 x lo4 

viii 40 x lo4 

ix 47 x lo4 

(b) During the shutdowdcooldown (the cumulative probabilities include all BBL possibilities summed in ix): 

Time Step Time (h) Cumulative Probability Possible Outcome of Events 

TM1 0.001 81 x lo4 BBL, plus running total of LBB 

TM2 to TM6 0.691 to 103 x lo4 BBL, plus running total of LBB 

TM7 240 153 x lo4 BBL, plus running total of LBB 

1.771 

Table 2(a) shows that in 47 out of lo4 realizations, the PT ruptures before the cold depressurized state is reached. 
The difference between the cumulative probability of BBL given in line ix of Table 2(a) and time TM1 in Table 
2(b) is because the latter includes ruptures caused by the abrupt change in pressure at time TM1. From TM2 to 
TM6 the cumulative probability remains unchanged at 103 x lo4, which is achieved upon reaching time TM2. At 
the final time considered (TM7, 240 hours after the start of leakage) the table shows that 153 PT’s have ruptured 
out of lo4 total occurrences of leakage. BLOOM also has the capability to simulate the unavailability of the AGS. 
This, however, has not been included in the above example. 
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5. CONCLUSIONS 

For CANDU reactors, the probabilistic LBB code, BLOOM, can be used to predict the cumulative probability of 
PT rupture, resulting Itom the axial growth by DHC of through-wall cracks in the PT's, at specific times after the 
start of leakage. In BLOOM, the major phenomena are modelled that affect crack length and CCL during the 
reactor sequence of events following the first indications of leakage. BLOOM can be used to develop unit- 
specific estimates of the actual probability of PT rupture in operating CANDU reactors and supplement the 
existing deterministic LBB analysis. 
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STUDIES OF THE STEAM GENERATOR DEGRADED TUBES BEHAVIOUR 

ON BRUTUS TEST LOOP 

C. CHEDEAU*, B. RASSINEux*, B. FLESCH**, 
M. CI. GRANDJEAN***, D. PAGES****, P. PITNER***** 

The steam generator tube bundle in PWR power plant sets ELECTRICITE DE FRANCE stakes of safety and 
operability : simple or multiple corrosion cracks are developing on different tube points (span, roll transition zone, U- 
bend, ...). The operating policy uses the Leak Before Risk of Break among others : every in-depth defect, which 
products a leakage between the primary and secondary systems, is detectable before the crack reaches a critical size and 
opens the tube suddenly. 

COIVIPROMIS software, realised in the Steam Generators Maintenance Probabilistic Study, allows to value the failure 
probability according to the operating time. The behaviour of cracked tubes has to be modelled with mechanical and 
thermohydraulic phenomena : opening areas, leak rates and bursting pressures must be determined for different crack 
configurations and operating conditions. 
For this purpose, simplified modellings of opening area and leak rate are made respectively from elastic-plastic finite 
element calculations and thermohydraulic experimental studies. They need a validation by experimental results. 

Consequently, BRUTUS loop was built at EDF Research Center Les Renardi&res. This test device is specifically 
designed for the study of leak rate and mechanical behaviour of cracked tubes under operating and upset conditions. 

As we can not test contaminated components, tubes are cracked with different means in longitudinal and circumferential 
directions : 
- machining in order to validate simplified laws and to quantify the influence of different parameters (strain hardening 
on the roll transition zone, tubesheet effect, complex geometry of longitudinal cracks, ligament between two 
circumferential cracks), - stress corrosion and intergranular corrosion in order to obtain primary and secondary realist failures, 
- fatigue to simulate the circumferential crack propagation by vibrations. 

Actual tests results are discussed, as their interpreting by simplified formula. We show the uncertainties and the 
difficulties to extend these models to in-service behaviour. 
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STUDIES OF THE STEAM GENERATOR DEGRADED TUBES BEHAVIOUR 
ON BRUTUS TEST LOOP 

C. CHEDEAU, B. RASSINEUX (EDFDER), B. FLESCH (EDFEPN), 
M. C1. GRANDEAN (EDFDE), D. PAGES, P. PITNER (EDFLIER) 

INTRODUCTION 

The steam generator (SG) tube bundle forms a substantial proportion of the second fission product barrier in PWR 
power plant and sets ELECTRIClTE DE FRANCE (EDm stakes of safety and operability. SG tubes are made of 
Inconel 600 which is sensitive to primary and secondary water stress corrosion cracking. Also, simple or multiple 
corrosion cracks are developing on different tube points (span, roll transition zone, U-bend, ...). 
The operating policy relies on the Leak Before Risk of Break among others : every in-depth defect, which products a 
leakage between the primary and secondary systems, is detectable before the crack reaches a critical size and opens the 
tube suddenly. 
Some studies are developed at EDF Research Centers [l] : global tests of crack leak rates, numerical calculations of 
crack opening area, thermohydraulic studies leading to research into the parameters governing leaks, development of a 
mechanical probabilistic design code by means of analytical models. 
This paper describes precisely the first two studies and briefly the last two. 

THE PROBABILISTIC FRACTURE MECHANICS CODE FOR TUBE MAINTENANCE 

EDF has developed the COMPROMIS [2] software realised in the Steam Generators Maintenance Probabilistic Study. 
This code optimizes the tube bundle maintenance of steam generators ; it is used for the non-destructive examinations 
optimisation, the tube closing criterions establishment, the forecast and the optimisation of steam generators 
replacement, 
The model, based on probabilistic fracture mechanics, makes it possible to quantify the influence of in-service 
inspections and maintenance work on the risk of an SG tube rupture, taking all significant parameters into account as 
random variables : initial defect size distribution, reliability of non-destructive detection and sizing, initiation and 
propagation, critical sizes, leak before risk of break, ... 

THE BRUTUS LOOP AND TEST PROCEDURES 

BRUTUS test loop was built at EDF Research Center Les Renardisres in 1991. It is specially designed for the study of 
leak rate and mechanical behavior of throughwall cracked tubes under operating and upset conditions. 
The test facility allows : 
- the reproduction of different pressure deviations between primary and secondary systems under operating (10 MPa) and 
upset conditions (17,2 MPa) ; 
- the reproduction of the primary temperature (303 "C) ; 
- the measurement and the shimming of leak rates up to 30 m3/h ; 
- the determination of bursting pressures up to 50 MPa while keeping a representative flow rate through the crack in 
order to evaluate the possible margins. 



I 

BRUTUS loop [3] includes a high pressure system which simulates the primary circuit and a medium pressure system 
(the secondary circuit). The first one supplies the test section on temperature, pressure and flow rate conditions, the 
second one absorbes the continuous leak. 

The test conditions are generally : internal temperature from 270°C to 303"C, external temperature of 265"C, internal 
pressure from 10 to 22,2 MPa, external pressure of 5 MPa. 

Discharge Test cell no 1 
7 

265OC15 MPa 

I; - 
Backpressure I resulator 

Main pump 
Filling and make up system I 

Figure 1 - The BRUTUS test loop. 

The cracks measurement is as follows : during the tests, the flow rate is measured between 0,l and 80 litershour by 
weighing and to 30 000 litershour by turbine flowmeters. 
The defects geometries are analyzed using image processing techniques. These techniques provide access to zones, 
lengths and widths, either internal or external, as well as to wetted perimeters or hydraulic diameters (only for 
longitudinal cracks). These dimensions are measured after the operating and accident conditions. 

Figure 2 - Measurement of the opening area using image processing technique. 
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DEFECTS TESTED ON BRUTUS LOOP 

Tests are particularly conducted on BRUTUS loop on tubing with external diameter of 22,22 mm and wall thickness of 
1,27 mm. Longitudinal cracks lengths change between 2 and 15 mm. 
At the present time, EDF is not able to test contaminated components. So tubes are cracked with different means in 
longitudinal and circumferential directions : 

- machining in order to validate simplified laws and to quantify the influence of different parameters : 
- the tube is expanded on the tubesheet and corrosion cracks are positioned on the roll transition zone ; 
- principally this corrosion cracking appears on the inner surface and go across the wall thickness, also the 

- circumferential cracks expand usually on the same circumference and the resistance of the ligament between 
internal length is taller than the external one ; 

two defects is important against the tube integrity, 
- stress corrosion [3] and intergranular corrosion in order to obtain primary and secondary realist failures, 
- fatigue to simulate the circumferential crack propagation by vibrations. 

Figure 3 - Cracks geometries obtained by corrosion and fatigue experiments. 

OPENING AREA SIMPLIFIED CALCULATIONS 

The opening area simplified computation depends on the crack direction, longitudinal or circumferential. It takes into 
account material properties (Young’s modulus, yield strength, rupture stress), cracked tube sizes (middle diameter, wall 
thickness, crack length) and loadings (internal and external pressures). The following models calculate an elastic area 
and then apply a plastic correction. 

For longitudinal cracks we use Tada and Paris model [4] associated with a Dugdale type plastic correction [5] or a 
EDFEEPTEN analytical model. The last model of the opening area A can be written in the following form : 

with : o,(AP) the circumferential stress proportionnal to the primary to secondary differential pressure, 
a the crack length, 
N the amplification factor, 
E the Young‘s modulus, 
M the bulding factor, 
o, the yield strength. 



For circumferential cracks we use Zahoor model [6] associated with an Irwin type plastic correction [7] or Framatome 
model associated with a Dugdale expression of the plastic zone radius at the defect end. These expressions take one's 
stand on the linear plastic fkture mechanics applied to plates and are used for joint loadings (pressure, bending ad 
traction). They calculate the stress intensity factor and then deduce the opening area. Some correction factors are 
introduced to represent the radius effects (hull parameter, bulging factor). 

By comparison with tests and Finite Elements results, we advise EDF/SEPTEN model for longitudinal cracks ad 
Framatome model for circumferentiel cracks. 

Opening Area (mm2) 
1 so 

Finite Elements calculation 

d 
/ 

Tada-Paris model / A  

0 20 40 60 80 100 120 140 160 180 

Pressure (bar) 

Figure 4 - Longitudinal crack opening area : comparison between different models. 

FINITE ELEMENTS CALCULATIONS 

3D elastic-plastic finite element calculations have been carried out in order to interpret the BRUTUS tests and to 
validate the numerical models. Tubes with longitudinal or circumferential cracks are meshed with I-DEAS or GIB1 
code. The numerical analysis is performed using Code-Aster developed at the Research and Development Division of 
EDF. Tubes are modelled with 20-nodes quadratic elements and mesh contains between SO00 and loo00 nodes. The 
effect of pressure on the surface of the defect is taken into consideration, as the traction due to the hydrostatic end force. 

Different calculations are made : 
- for longitudinal cracks, we compute areas, opening displacements of defects under load, as well as residual areas 
corresponding to situations when AP is equal to 10 and 17,2 MPa ; these values are compared with tests results. Also 
we determine the influence of the embelling on the tubesheet and the strain hardening on the transition zone. 
- for circumferential cracks, we determine principally the resistance of the ligament between two defects : the rupture 
criterion depends more on the ultimate tensile strength than on the Inconel 600 toughness. 



Figure 6 - Meshing of a longitudinal crack. 

LEAK RATE SIMPLIFIED COMPUTATIONS 

The internal coolant is under-saturated inside the tube from more than 2OoC ; during the flow through the crack, it 
expands and can vaporized. 
The critical flowrate model in steady-state operating conditions is based on the Lackme pattern [8] which is adjusted to 
steam generator tubes. It implies different assumptions : monodimensionnal, permanent and adiabatic flow, the same 
speed on the liquid and the steam phases. It allows the mass flowrate calculation by the Bernouilli formula : 

with A the flowing opening area, 
Pp the internal pressure, 
E, the global pressure drop coefficient, which is calibrated by experiments, 
Psatue) the saturated steam pressure at the internal temperature, 
p the density of primary coolant 
k an'correction factor depending on E,. 

Simplified computations estimate test leak rates with good agreement ; the main difficulty is the determination of 
global pressure drop coefficient value . 
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Figure 5 - Longitudinal crack leak rate : comparison between test and simplified model. 

CONCLUSION 

This paper has presented some studies made at EDF on steam generator tubes : we dispose of BRUTUS loop which is 
specifically designed for the study of opening area and leak rate of cracked tubes. Tests interpretations and finite 
element computations allow the development and the validation of simpwed models. 

They will be introduced in the COMPROMIS software realised in the Steam Generators Maintenance Probabilistic 
Study. 
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LBB 95 Banquet Keynote Address 

Ladies, Gentlemen, Dear Colleagues: 

I would like to thank all of you for your participation and your interest in the leak-before-break (LBB) 
seminar, LBB 95. The high quality of the presentations and the posters, as well as the presence of world- 
wide specialists are transforming this event into a success. I wish to express my gratitude to the organizers: 
EDF, the CEA, Framatome, and the sponsors, especially to the European Working Group on Codes and 
Standards. The active participation of the OECD, Nuclear Electric, the USNRC, and the IAEA attest to 
the international interest in the seminar. I would also like to thank the French Nuclear Energy Society, 
SFEN, as well as the SEPTEN division of EDF, and the two organizers, namely Phillipe Gilles and Claude 
Faidy for their contribution in the organization of the seminar. 

For over a decade, large progress in research has been achieved in this field and the LBB concept is 
applied in the USA, Germany, and other countries. These results are of great interest to Framatome, who 
applies the LBB approach to fast breeder reactors, uses the concept in safety analyses, and performs LBB 
studies for foreign utilities (Belgium, Switzerland, the C.I.S.) Together with EDF and CEA, Framatome 
has taken an active part in the International Piping Integrity Research Group (IPIRG) Program and 
established, in parallel, a large experimental and analytical research program. The objective of the LBB 95 
seminar is to summarize these results and to compare experiences and codifications developed in different 
countries. We expect this seminar will contribute to the ongoing discussion of LBB procedures between 
the European safety authorities, utilities, and vendors. 

In France, we are convinced that the LBB approach marks a step forward for safety and equipment 
integrity analyses: 

- The LBB concept was not used in the design of the various series of standardized French 
PWR plants because the decisions on the design of the N4 series, of which Civaux 1 and 2 
are still under construction, were taken in 1983. At this time, there was little awareness 
and few demonstrations of the potential of this concept in the French PWR community. 

- However, in existing plants, we have used this approach for equipment integrity and 
Defense-in-Depth analyses. 

- For the European pressurized water reactor, Siemens, Framatome, and the French and 
German utilities are working to bring together the break preclusion and the leak-before- 
break concepts, by coupling features of the German Basic Safety Concept and those of the 
French Defense-in-Depth concept. 

Before ending, I would like to give recognition to the sustained efforts of Phillipe Gilles and Claude Faidy 
to increase acceptance of the LBB concept within the French PWR community in light of its success in 
other countries. 

The most interesting feature of this seminar, most desired by Phillipe Gilles and Claude Faidy, is that we 
have been able to assemble specialists and project managers from safety authorities, utilities, and vendors. 
We hope this will lead to a better validation of the LBB approach and improvements in its codification. 

J. Branchu 
Head of Primary Nuclear Components Division 
Framatome 
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