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ABSTRACT 

Risk-informed procedures are now at a mature stage for redefining in-service inspection requirements for piping 
systems. A natural extension of the concept is to apply risk-informed methods to assess the need for other measures to 
address hazards associated with pipe failure. The current pipe break postulation requirements are still based on very 
prescriptive criteria, such as calculated stress and fatigue limits, which are proving to be uncorrelated with actual piping 
failure experience. In this paper, the building blocks of a risk-informed approach for the assessment of piping hazards are 
presented. The approach combines the estimation of pipe failure probabilities, through a structural risk and reliability model, 
the investigation of indirect effects such as damage from pipe-whip or flooding, by means of plant walk-through or 
engineering analyses, and a probabilistic safety assessment of pipe failure consequences on overall plant safety. It is 
suggested that such a procedure could be applied as an alternative to ongoing or planned programs related to pipe-break 
protection or in the context of periodic safety reviews. 

INTRODUCTION 

As part of the defence-in-depth philosophy inherent to modern reactor design, plant designers are required to 
postulate the occurrence of failures in certain systems or components and to show, by way of safeguard systems and operator 
actions, that the plant may consequently be brought under control without undue risk to public health and safety. 

Postulated failures may be placed into two categories: Active Failure, such as the functional failure of a valve or 
pump; and Passive Failure, such as a leak or break of a pressure-retaining component. 

Piping systems are one of the main sources of risk associated with passive components. A leak or break from a pipe 
will in the first instance be a concern for the functionality of the broken system, due for example to the loss of: flow; 
inventory; or pressure, that arises from the leak, or due to the hydrodynamic loading that is generated by system 
depressurisation, which may in turn have a detrimental effect on internal parts and lead to aggravated consequences for plant 
safety. Such consequences relative to the broken system are referred to as "Direct Effects" of the break or leak. 

In the second instance, a leak or break from a pipe may pose a threat to other systems, structures or components due 
to effects such as: flooding; spray; pipe-whip; jet-impingement; high-temperature; pressurisation; humidity; etc. These 
spatial, or environmental, consequences that effect other systems are referred to as "Indirect Effects" of the break or leak. 

During the design phase of a plant, the direct effects of piping failure are usually considered as an integral part of the 
design and construction process of each system. Indirect effects of pipe failure are initially addressed at the plant layout stage, 
by providing adequate separation or barriers between different systems, or by redundant system trains. 

In most countries, based on new information and plant operating experience, plant owners may be required to re- 
evaluate their design basis regarding pipe failure and as a consequence may have to back-fit systems with protective devices, 
such as jet-shields or whip-restraints, or with equipment qualified to withstand the potential indirect effects. 

In order to optimise the effort associated with re-assessing plants for the indirect effects of pipe failure, both in terms 
of safety improvement as well as in terms of cost, it is desirable to define a process that follows state-of-the-art philosophy in 
risk-informed decision-making. This paper defines such a process, drawing from recent applications of risk-informed in- 
service inspection of piping, as well as from earlier attempts to rationalise the design process for protection against pipe 
breaks. 

DISCUSSION 

It is now widely recognised that the potential for piping failure in nuclear power plants does not generally correlate 
with the stress and fatigue analysis that has been performed to demonstrate compliance with design codes. Piping has been 
found to perform very well with respect to the loading conditions and degradation mechanisms for which it was designed, 
however experience shows that failures typically occur due to events or mechanisms that were either unrecognised at the 
design stage or are due to changes in plant conditions. 

What is also recognised is that the safety significance of piping systems is not always adequately represented by the 
traditional safety class approach. Probabilistic Risk Assessment (PRA), which has often been carried out after plants have 
gone into operation, has shown that the failure of certain non-safety class (or lower safety class) components may have a 



significant impact on a plant's ability to mitigate the effects of postulated accidents, while the failure of certain Class 1 
components may be less critical due to the existence of redundant features and safeguard systems. 

In the US, the above considerations have led to a complete review of the approach to in-service inspection (ISI) of 
piping in nuclear power plants, and there are regulatory guides [1 ],[2] and ASME Code Cases [3],[4] which now provide an 
alternative basis for establishing ISI programs. However in order to meet regulatory requirements concerning pipe break 
protection [5], the currently accepted approach to postulating break locations [6],[7] still corresponds in essence to the 
original ISI location requirements prescribed in the ASME Code [8]. A similar situation exists in many other countries that 
operate nuclear plants designed and licensed based on US technology and rules. 

The generally accepted definition of risk is the likelihood of an event multiplied by the severity of the event. The 
event we are concerned with here is the postulated failure of a given piece of pipe, which in turn interacts with safety- 
significant components, and the severity of such an event is usually expressed in terms of its impact on the likelihood of core 
damage or radioactive release, as determined by PRA. The likelihood of failure of the safety-significant target will depend on 
the nature of the target and the postulated mode of pipe failure, while the likelihood of the initiating event may be determined 
from experience data or structural reliability models. 

Prior to the recent trend of risk-informed applications in the nuclear industry, it was recognised that there are 
deficiencies in the current pipe-break postulation criteria and that there may be advantages in a risk-informed approach to 
address piping hazards. One such risk-informed procedure is known to have been developed and applied [9], however as 
PRA technology was still developing at that time, the determination of risk in that case has been made on a more qualitative 
basis. 

Evaluation of environmental and spatial effects of pipe-failure is usually carried out in one of two ways. In the 
mechanistic approach, as followed in ANS-58.2 [7], leak and break locations are postulated in every piping system and the 
indirect consequences are evaluated for each location. In the effect-oriented approach the focus is placed on the equipment 
which needs to be protected from the effects of pipe-failure and evaluations are only performed for cases where there is a real 
potential for interaction. The latter method is considered to be more cost-effective and efficient than the mechanistic 
approach and therefore more suitable for evaluation of existing plant. We will adopt the effect-oriented approach as the basis 
for the proposed risk-informed assessment procedure that is laid out further in this paper. 

SUGGESTED RISK-INFORMED PROCEDURE FOR ASSESSMENT OF PIPING HAZARDS 

The proposed risk-informed procedure for addressing the indirect effects of postulated piping failures is outlined in 
the flowchart given in Fig. 1. The procedure first establishes where there is a potential for interaction between safety- 
significant equipment and potentially hazardous piping. For targets deemed to be susceptible, the risk of each potential 
interaction is then determined, based on estimations of the pipe failure probability and the conditional consequences of target 
failure. Finally the risk is compared against risk acceptance criteria and if found acceptable the process ends in the 
documentation of the analysis. On the other hand, if the risk is determined to be unacceptable then corrective actions are 
defined and the risk is re-determined until it reaches an acceptable level. Each step of the procedure is described in the 
following paragraphs. 

Locate Safety-Significant Equipment by Area 
The first step of the procedure requires to establish a list giving the identity and location of all of the safety- 

significant equipment in the plant, which includes safe-shutdown equipment and plant-trip equipment. 
Safe-shutdown equipment refers to the systems, structures and components that assure (or support) functions such as 

reactivity-control, core-cooling, reactor-coolant pressure-boundary integrity, containment integrity, and radioactive material 
confinement, which are necessary to bring the plant to safe-shutdown conditions in the event of an accident and maintain the 
plant in these conditions within the prescribed parameters that limit risk to public health and safety. 

Plant-trip equipment in this case refers to equipment whose failure would cause a plant trip and therefore represents 
a challenge to safety, in terms of an initiating event. Both the plant-trip and safe-shutdown equipment represent [he potential 
targets which should be evaluated against the effects of postulated piping failure. 

The list of safety-significant equipment should indicate the type of component (e.g. valve, cable, pump), its system 
and tag number, and the area (building, level, room) where it is located. Generally such a list will already be available for 
plants that have performed fire and flooding analyses. It should be noted that piping will also form part of this safety- 
significant equipment list and as such should be considered as a potential target from other pipe-failures, as well as a potential 
hazard. 

Identify Piping by Area 
Having identified the plant areas that contain safety-significant equipment, it is then necessary to establish which of 

these areas contain potentially hazardous piping; that is generally piping containing water or steam in the case of light-water 



reactor plants. Piping is determined to be a potential hazard if a leak or a break of the pipe could have any of the following 
type of effects: pipe-whip, fluid jet, water spray, dripping, environmental heating, humidity, pressurisation or flooding. 

An area that does not contain potentially hazardous piping or safety-significant equipment maybe  screened-out of 
the process if there is no risk of that area having an adverse interaction with other areas. When an area contains safety- 
significant equipment and there is a potential for that area to be impacted due to a pipe failure in another area (e.g. due to 
communicating passages and low elevation) then the hazard source should be listed as the pipe(s) located in the 
communicating area(s). Again, the plant flooding analysis can provide some of this information. 
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Fig. 1 Flowchart for Proposed Risk-Informed Procedure for Assessment of Piping Hazards 

Assess Potential for Interaction 
The evaluation now gives a list of areas that contain potential safety-significant targets and potential pipe hazards. 

The next step of the process is to establish for each area whether there is a real potential for interaction between the hazard 



sources and the safety-related targets. This task may be achieved by review of design and layout information, by walk- 
through, or by a mixture of both (the usual case). 

Interactions may take different forms depending on the size and shape of the postulated pipe failure, on the 
thermodynamic properties of the process fluid, on the layout and supporting of the source piping and on the nature and 
relative position of the target equipment. The most pragmatic approach, again, is to start by establishing the susceptibility of 
the potential targets to the various possible indirect effects (i.e. pipe-whip, fluid jet, water spray, environmental heating, 
pressurisation, humidity or flooding). Certain electrical or electronic equipment, if not adequately protected could be 
susceptible to fail due to any indirect effect, while pneumatic or mechanical equipment may only be susceptible to dynamic 
effects (i.e. pipe-whip or jet-impingement). 

One must now determine whether the potential hazard sources are capable of producing such effects. We will 
discuss this by briefly looking at each of the typical indirect effects in turn. 

Pipe Whip: a pipe-whip implies the complete severance of the pipe cross-section, the separation of the severed pipe- 
ends and the acceleration of one or both severed ends due to the force of the ensuing fluid jet. This failure mode is typically 
considered for high-energy systems. Given that a break occurs, the potential for pipe-whip depends essentially on the pipe 
internal pressure, on the pipe length and layout between the postulated break location and the first lateral pipe support, on the 
material yield strength and on the mass of piping and in-line components that would be carried by the whipping pipe. 
However, before it is necessary to begin detailed pipe-whip calculations, a screening process should first be applied based on 
the distance between the pipe and target and on the possible presence of intermediate structures. 

Jet-Impingement: as pipe-whip, jet-impingement is a dynamic effect usually associated with high energy systems. 
However, a jet may be produced by a longitudinal or circumferential crack, as well as by a complete pipe break. The zone 
affected by jet impingement depends on the size and shape of the postulated break and on the piping restraint conditions. In 
the case of a pipe-whip, the jet zone will also travel along the trajectory of the free pipe ends, thus increasing the volume of 
influence of the jet. Again, distance and potential barriers between jet source and targets should be used as the first screening 
criteria. Targets that are deemed to be in range may be subjected to a jet loading that depends mainly upon the process fluid 
pressure, the crack or break opening area, the jet angle and distance to target and the target shape factor. 

Water Spray: water spray could result from a through-wall crack in a pipe containing water under pressure and could 
affect unprotected electrical or electronic equipment which is located either within range of the spray cone or underneath the 
leaking pipe, by dripping. Initial screening for this hazard will be based on the type of target equipment, after which 
proximity and spray range should be evaluated, if sensitive equipment is concerned. 

Environmental Heating or Humidity: a leak or break from a pipe containing steam or water at high temperature and 
pressure, may result in a significant increase in the local environmental temperature and humidity. Screening for this hazard 
should again, be initially based on the presence of potentially sensitive equipment, i.e. electronic or electrical components. 

Pressurization: the case of environmental pressurization is particular in that it is more of a concern for civil 
structures than it is for process systems and components. Civil structures are of course essential systems in nuclear plant 
safety due to the supporting and protective role they provide to process and safety systems. A large leak or break of a pipe 
containing high energy fluid may lead to a significant pressure loading of surrounding walls, especially in confined spaces. If 
blow-out panels are provided, this hazard may be screened out. 

Flooding: flooding may result from a leak or break of a pipe containing water that is connected to a significant 
volume of water. If normally closed isolation valves exist between the pipe in question and the inventory source, then the 
flooding hazard may be limited to certain operating modes only, when the valve is open. On the other hand, if the valve is 
normally open, credit may be given to operator actions to limit the flood if such actions have been foreseen in plant 
procedures. Again, the susceptibility of the potential target equipment should first be considered. If the target is deemed 
sensitive and the potential flooding source deemed significant then the area should be checked for the existence of flood relief 
paths or floor sumps with level indication and pumping. These may be taken into consideration later during the evaluation of 
the potential interaction. 

Determine Susceptibility of Each Target 
For each postulated interaction, the target should be evaluated to determine whether its function would be lost or 

impaired if the source pipe leaks or breaks (depending on the proximity and susceptibility of the target component). The most 
conservative approach would be to assume that the pipe failure causes target failure and in cases where the target is deemed 
to be fragile with respect to the hazard this is an appropriate assumption (e.g. cables impacted by jet). In the other extreme, 
the target component may be judged to be rugged with respect to the hazard, for example a pipe-whip interaction where the 
target component is a pipe of equal or greater size compared to the source pipe. In such cases the probability of target failure 
may be judged to be negligible. Other cases may exist where the target component has been designed to operate in the 
hazardous conditions that could follow a pipe failure. 

If it can be justified, as in these latter examples, that the target is qualified to withstand the indirect effects of the 
pipe failure, then it is concluded that the interaction poses no additional threat to safety and may therefore be documented as 
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such. If, on the other hand, the target is deemed to be susceptible to the indirect effect then the risk due to the interaction must 
be determined. 

Estimate Probability of Each Pipe Failure 
As discussed earlier in this paper, the probability of pipe failure is not comprehensively addressed by a classical 

piping stress and fatigue analysis, as is performed to show conformance with design codes. Root-cause analysis of actual 
piping failures has typically been attributed to degradation mechanisms that were not accounted for in the design, such as 
stress-corrosion-cracking, flow-assisted-corrosion, vibration, high-cycle-thermal-fatigue, low-cycle-fatigue due to thermal 
stratification or snubber lock-up. 

In order to estimate the probability of piping failure, use may be made of industry databases which list the type and 
cause of actual published failures. Such databases are an important reference for determining the type of degradation that 
could exist in a particular piece of piping, however they do not lend themselves easily to an objective quantification of the 
failure probability and they are of course limited in applicability by the limited number of failures that have actually 
occurred. 

An alternative (or complementary) approach to estimating the piping failure probability is to use structural reliability 
models, such as those recently developed for risk-informed in-service inspection [10]. These models use Monte-Carlo 
techniques, that are based on earlier work in probabilistic fracture mechanics, to simulate the action of various possible 
degradation mechanisms throughout the plant lifetime and to derive a quantified probability of pipe failure. The input data to 
these models is typically a mixture of design basis information and experience-based information, but may also include 
assumptions to account for unknown or postulated conditions. 

Compared to a pure database-type or qualitative estimation, the structural reliability model therefore provides a more 
consistent and flexible tool for estimating piping failure probabilities and has the added advantage of allowing "what-if' type 
evaluations to account for abnormal events. Providing quantified failure probability facilitates comparison or combination 
with PRA results to determine the risk due to the interaction. 

Structural reliability models provide other advantages. They may be used to evaluate the benefit of in-service 
inspection or leak detection, both of which are measures that act to reduce the probability of failure. The models also allow to 
determine the probability of different leak sizes corresponding to through-wall cracks or the probability of full pipe-break. 
These different leak or break modes are then paired with corresponding interaction modes (spray, jet, flooding, pipe-whip) in 
determining the overall risk from the interaction. 

Establish Risk Due To Interactions 
It is assumed that the interaction targets, due to their classification as safety-significant equipment, will be 

represented in some way in the plant PRA models. It is also assumed that the PRA is of sufficient quality to be applied to 
risk-informed decision making. The consequence of failures in plant systems and components is usually quantified by a PRA 
in terms of Core Damage Frequency (CDF) and Large Early Release Frequency (LERF). Each component that contributes to 
the CDF or LERF may be ranked in terms of its fractional contribution to the overall plant CDF or LERF, or in terms of risk- 
importance measures such as Risk Reduction Worth (RRW) and Risk Achievement Worth (RAW). The manner in which the 
pipe failure probability is accounted for in the overall risk evaluation will depend on how the PRA model has been 
implemented. 

PRA Model with Indirect Effect Modelling: in recent PRA updates or implementations some plants have been known 
to model certain indirect effects of pipe break as top events in specific event trees addressing High Energy Line Break 
(HELB) or flooding. In the case where the interaction in question has been represented in the PRA, then both the direct and 
indirect consequence of the interaction may already be determined in terms of contribution to CDF or LERF. However it 
remains to be verified whether the assumptions used for the top event probability are consistent with the probability of the 
indirect effect. If the pipe failure probability is estimated to be higher than that previously assumed for the top event then the 
PRA model should be re-quantified, with updated top event assumptions. The output of this process should be a re- 
quantification of the contribution CDF or LERF that is associated to the indirect effect in question, as well as a re- 
quantification of the associated risk-importance measures. 

PRA Model without Indirect Effect Modelling: in many if not most cases, indirect effects of pipe failure are not 
explicitly modelled in PRA. However, as discussed above, the target component and more specifically its reliability, should 
normally be represented in the PRA model. As a first screening the inherent failure probability of the target should be 
compared to the pipe failure probability. If the former probability is the greater than the latter by several orders of magnitude 
then it may be said that the risk due to the indirect effect is bounded by the current PRA results. On the other hand, if the 
indirect effect probability is comparable to the target's inherent failure probability, then the risk due to the interaction should 
be determined by using the existing events modelled in the PRA to reflect the consequences from both the direct and indirect 
effects. The pipe failure probability may be applied in the PRA model or, alternatively, the conditional consequence of target 
failure may be determined by re-quantifying the CDF or LERF assuming that the source pipe and target component are 



guaranteed to fail. This conditional CDF or LERF will then be used to quantify the risk due to the interaction by combining 
that value with the indirect effect probability. 

Determine Risk Acceptability 
As discussed above, the overall risk associated with each indirect effect may be enveloped by reliability 

considerations of the target component, if the pipe failure probability is several orders of magnitude lower than the target's 
inherent failure probability. In these cases the risk associated with the indirect effect is acceptable by default, on the 
assumption that the current PRA results are acceptable. 

When the indirect effect probability is comparable to the target component inherent failure probability, the risk due 
to the interaction will have been quantified, as described above, by recalculating the risk metric (CDF or LERF). The total 
risk contribution due to indirect effects should then be determined by summing all of the individual contributions from each 
interaction. If the total CDF, due to indirect effects, is less than 106/year and the total LERF is less than 107/year then the 
risk due to piping hazards would be judged to be acceptable and no further actions would be required. These limits for CDF 
and LERF are consistent with those specified in the USNRC guidelines for risk-informed decision-making [1 ]. 

If the total indirect effect CDF is equal to or greater than 106/year or the total indirect effect LERF is equal to or 
greater than 107/year, then action should be taken to reduce the risk below these limits. In order to prioritise and select which 
interactions should be subject to corrective action, risk-importance measures may be used. For each interaction the risk- 
reduction worth (RRW) should be determined, based on the total CDF and LERF due to indirect effects, and those 
interactions with the highest RRW should be selected for corrective action. The threshold RRW for selection and the number 
of interactions selected will depend on the amount by which the CDF or LERF has exceeded the above defined limits. 

As is now standard practice in risk-informed applications, the final decision on the risk evaluation should be the 
responsibility of a panel of plant experts representing various disciplines. The expert panel should be provided with 
information of the calculated risk measures as well as background information on the failure modes and mechanisms that 
were considered. Their final decision on the acceptability of the risk should take into account other factors of safety, licensing 
or operation that may not have been directly addressed by the engineering evaluation. 

Take Corrective Actions 
For the cases that have been selected for corrective action, various measures may be taken in order to reduce the risk 

associated with those interactions. Considering Fig.l, there are three avenues that may be followed to reduce the risk: (i) 
address the target susceptibility, (ii) reduce the probability of pipe failure, or (iii) reduce the risk significance of the target 
component. Which avenue is followed and which solution is chosen will be based primarily on economic grounds, for so far 
as the solution has the desired effect of reducing the subject risk. We will briefly discuss the possible measures available, via 
each of these avenues. 

Address the target susceptibility: given that the pipe may fail, the target may be protected from the effects of the 
failure in various ways, depending on the type of indirect effect that is of concern. For dynamic effects, pipe whip restraints 
or jet shields may be added to prevent the loading from reaching the target. Similarly for flooding or spray effects, barriers or 
shields may be added. Alternatively the target may be upgraded or replaced such that it is qualified for the indirect effects. If 
protection or qualification of the target is not feasible then relocation of the target or re-routing of the offending piping 
provides a more drastic means of eliminating the interaction. 

Reduce the probability of pipe failure: to reduce the probability of pipe failure it is logical to start by looking at the 
postulated failure mechanisms and their root-causes. Remedial measures may be taken at a system level or at the piping level, 
and this would be the preferable option if active degradation mechanisms (e.g. flow-assisted corrosion) are present. If the 
postulated cause of failure is normal low-cycle thermal fatigue then this may be addressed by increased or improved in- 
service inspection or by the addition of leak detection. When the primary failure cause has been identified as high design 
limiting stress due for example to waterhammer, then the failure probability may be reduced by the addition of extra piping 
restraints or by reducing the probability or severity of the waterhammer by system or operational changes. 

Reduce the risk significance of the target component: probably the most drastic and expensive approacl~ available is 
to reduce the risk significance of the target component, by adding redundant system features for example. However if it 
happens that the component or system has already been highlighted by the PRA as a major risk contributor then such an 
approach may be synergistic with other safety improvement programs. 

Whichever avenue and solution is finally chosen, the effect of the corrective action on the particular interaction must 
be re-evaluated to show that the residual risk is now acceptable. In cases where the corrective action has eliminated the 
potential interaction this is of course a simple exercise. 

Document Evaluation 
As discussed in the introduction, addressing the risk posed by potential piping failures should form part of a plant's 

defence-in-depth strategy and therefore the evaluations as described above deem to be recorded in appropriate controlled 



documents. It is also important to point out that, as experience has shown, failure probability and plant risk are not static 
issues. Therefore for interactions that have not been eliminated it is necessary to foresee a regular review of the bases of the 
pipe-failure risk evaluation (both failure probability and PRA aspects) in order to be sure that the effects of ageing and plant 
changes remain consistent with the documented assumptions. 

SUMMARY & CONCLUSION 

This paper has presented the bases and outline for a procedure that addresses the risk due to indirect effects of piping 
failure. By applying a risk-informed methodology that conforms to current practice in risk-informed techniques this 
procedure should provide a more rational and cost-effective approach to addressing indirect effects over a whole plant, when 
compared to current prescriptive criteria. 

This procedure is intended to be useful for plants that have a need or requirement to update their approach to 
addressing pipe-break hazards, but requires the existence of an appropriate plant PRA to be applied thoroughly. 

For plants that implement risk-informed in-service inspection (RI-ISI) programs, the indirect effects of pipe failure 
should be addressed as part of those programs. A plant that follows a full-scope RI-ISI program, for example, may 
incorporate for evaluation all of the potentially hazardous piping, whereas a plant that has opted for a partial-scope (e.g. Class 
1 or Class 1 &2) RI-ISI program will only address a limited population of the piping hazard. The procedure outlined in this 
paper should therefore be considered as a possible compliment to RI-ISI in an overall strategy to risk-inform the safety 
measures associated with nuclear plant piping. 

A case-study application of the risk-informed procedure for assessment piping hazards, should form the bases for a 
future publication. 
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