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	ANNEX 1A  – GLOSSARY OF TERMS AND DEFINITIONS
	(NORMATIVE)
	1A.3 Alteration – The definition depends on the equipment type and in-service code as shown below.
	1A.4 ASCC (Alkaline Stress Corrosion Cracking) – The cracking of a metal produced by the combined action of corrosion in an aqueous alkaline environment containing H2S, CO2, and tensile stresses (residual or applied).  The cracking is branched and intergranular in nature, and typically occurs in carbon steel components that have not been subjected to 𝑃𝑊𝐻𝑇.  This form of cracking has often been referred to as carbonate cracking when associated with alkaline sour waters, and as amine cracking when associated with alkanolamine treating solutions.
	1A.5 Bending Stress – The variable component of normal stress, the variation may or may not be linear across the section thickness (see Annex 2C).
	1A.6 Bifurcation Buckling – The point of instability where there is a branch in the primary load versus displacement path for a structure (see Annex 2C). 
	1A.7 CET (Critical Exposure Temperature) – The CET is defined as the lowest (coldest) metal temperature derived from either the operating or atmospheric conditions at the maximum credible coincident combination of pressure and supplemental loads that result in primary stresses.  Note that operating conditions include startup, shutdown and upset conditions.  The CET may be a single temperature at the maximum credible coincident combination of pressure and primary supplemental loads if that is also the lowest (coldest) metal temperature for all other combinations of pressure and primary supplemental loads.  If lower (colder) temperatures at lower pressures and supplemental loads are credible, the CET can be defined by an envelope of temperatures and pressures (see Part 3).
	1A.8 Corrosion – The deterioration of metal caused by chemical or electrochemical attack as a result of its reaction to the environment (see Part 4).
	1A.9 Crack-Like Flaw – A flaw that may or may not be the result of linear rupture, but which has the physical characteristics of a crack when detected by an NDE technique (see Part 9). 
	1A.10 Creep – The special case of inelasticity that characterizes the stress induced time-dependent deformation under load, usually occurring at elevated temperatures (see Part 10).
	1A.11 Creep Damage – In polycrystalline materials (e.g., metals) creep damage results from the motion of dislocations within grains, grain boundary sliding and microstructural diffusion processes within the crystalline lattice.  The resultant grain boundary voids, or grain and grain boundary distortions (damage), generally impairs the materials strain hardening capability (see Part 10).
	1A.12 Creep Rupture – An extension of the creep process to the limiting condition of gross section failure (frequently termed creep fracture).  The stress that will cause creep fracture at a given time in a specified environment is the creep rupture strength (see Part 10 and Annex 10B).
	1A.14 Cyclic Loading – The application of repeated or fluctuating stresses, strains, or stress intensities to locations on structural components (see Part 14).
	1A.15 Cyclic Service – A service in which fatigue becomes significant as a result of the cyclic nature of mechanical and/or thermal loads.  A screening criterion is provided in Part 14 that can be used to determine if a fatigue analysis is required as part of a Fitness-For-Service Assessment.
	1A.16 Damage Mechanism – A phenomenon that induces deleterious micro and/or macro changes in the material conditions that are harmful to the material condition or mechanical properties.  Damage mechanisms are usually incremental, cumulative, and unrecoverable.  Common damage mechanisms are associated with chemical attack, creep, erosion, fatigue, fracture, embrittlement, and thermal aging (see Part 2 and Annex 2B).
	1A.21 Equipment 𝑴𝑨𝑾𝑷 – The maximum permissible pressure of the pressure equipment or assemblage at the designated coincident design metal temperature.  It is the smallest of the values found for maximum allowable working pressure of all the essential parts/components of the equipment minus the static head (if any) for that component.  For pressure vessels, it is the maximum permissible pressure at the top of the vessel in its normal operating position for a designated temperature.  For pressure vessels built to the ASME B&PV Code, this is the nameplate 𝑀𝐴𝑊𝑃 and is the basis for the set point pressure of the relieving devices protecting the vessel.
	1A.22 Erosion – The destruction of metal by the abrasive action of a liquid or vapor (see Part 4).
	1A.23 Event – The Owner-Users’ Specification may include one or more events that produce fatigue or creep damage.  Each event consists of loading components specified at a number of time points over a time period and is repeated a specified number of times.  For example, an event may be the startup, shutdown, upset condition, or any other cyclic action.  The sequence of multiple events may be specified or random.
	1A.25 FAD (Failure Assessment Diagram) – The FAD is used for the evaluation of crack-like flaws in components (see Part 2 and Part 9).
	1A.26 Fatigue – The damage mechanism resulting in fracture under repeated or fluctuating stresses having a maximum value less than the tensile strength of the material (see Part 14). 
	1A.29 Fatigue Strength Reduction Factor – A stress intensification factor which accounts for the effect of a local structural discontinuity (stress concentration) on the fatigue strength.  It is the ratio of the fatigue strength of a component without a discontinuity or weld joint to the fatigue strength of that same component with a discontinuity or weld joint.  Values for some specific cases are empirically determined (e.g., socket welds).  In the absence of experimental data, the stress intensification factor can be developed from a theoretical stress concentration factor derived from the theory of elasticity or based on the guidance provided in Annex 14B.
	1A.32 𝑭𝑭𝑺 (Fitness-For-Service) Assessment – A methodology whereby flaws or a damage state in a component is evaluated in order to determine the adequacy of the component for continued operation (see Part 2).
	1A.34 Fracture Mechanics – An engineering discipline concerned with the behavior of cracks in materials.  Fracture mechanics models provide mathematical relationships for critical combinations of stress, crack size and fracture toughness that lead to crack propagation.  Linear Elastic Fracture Mechanics (LEFM) approaches apply to cases where crack propagation occurs during predominately elastic loading with negligible plasticity.  Elastic-Plastic Fracture Mechanics (EPFM) methods are suitable for materials that undergo significant plastic deformation during crack propagation (see Part 9).
	1A.36 Gouge – An elongated local mechanical removal and/or relocation of material from the surface of a component, causing a reduction in wall thickness at the defect; the length of a gouge is much greater than the width and the material may have been cold worked in the formation of the flaw.  Gouges are typically caused by mechanical damage; for example, denting and gouging of a section of pipe by mechanical equipment during the excavation of a pipeline (see Part 12).
	1A.37 Groove – A local elongated thin spot caused by directional erosion or corrosion; the length of the metal loss is significantly greater than the width (see Part 5).
	1A.39 Groove-Like Flaw – A surface flaw with a small, but finite, tip (or frontal) radius wherein the flaw length is very much greater than its depth.  Groove-like flaws are categorized as either a groove or gouge (see Part 5 and Part 12).
	1A.41 HIC (Hydrogen-Induced Cracking) – Stepwise internal cracks that connect adjacent hydrogen blisters on different planes in the metal, or to the metal surface.  An externally applied stress is not needed for the formation of HIC.  In steels, the development of internal cracks (sometimes referred to as blister cracks) tends to link with other cracks by a transgranular plastic shear mechanism because of internal pressure resulting from the accumulation of hydrogen.  The link-up of these cracks on different planes in steels has been referred to as stepwise cracking to characterize the nature of the crack appearance.  HIC is commonly found in steels with: (a) high impurity levels that have a high density of large planar inclusions, and/or (b) regions of anomalous microstructure produced by segregation of impurity and alloying elements in the steel (see Part 7).
	1A.42 Hydrogen Blistering – The formation of subsurface planar cavities, called hydrogen blisters, in a metal resulting from excessive internal hydrogen pressure.  Growth of near-surface blisters in low-strength metals usually results in surface bulges.  Hydrogen blistering in steel involves the absorption and diffusion of atomic hydrogen produced on the metal surface by the sulfide corrosion process.  The development of hydrogen blisters in steels is caused by the accumulation of hydrogen that recombines to form molecular hydrogen at internal sites in the metal.  Typical sites for the formation of hydrogen blisters are large non-metallic inclusions, laminations, or other discontinuities in the steel.  This differs from the voids, blisters, and cracking associated with high-temperature hydrogen attack (see Part 7).
	1A.46 In-Service Margin – Stated in terms of applied loads, the ratio of the load that will produce a limiting condition to the applied load in the assessed condition.  Similar definitions may be developed for parameters other than load.  For example, the safety margin on fracture toughness is defined as the ratio of the fracture toughness of the material being assessed to the fracture toughness to produce a limiting condition (see Part 9).
	1A.48 Limit Analysis – Limit Analysis is a special case of plastic analysis in which the material is assumed to be ideally plastic (non-strain-hardening).  In limit analysis the equilibrium and flow characteristics at the limit state are used to calculate the collapse load (see Annex 2C).
	1A.49 Limit Analysis Collapse Load – The methods of limit analysis are used to compute the maximum load a structure made of an ideally plastic material can carry.  The deformations of an ideally plastic structure increase without bound at this load, which is termed the collapse load (see Annex 2C).
	1A.50 Local Primary Membrane Stress – A membrane stress produced by pressure, or other mechanical loading associated with a primary and/or a discontinuity effect would, if not limited, produce excessive distortion in the transfer of load to other portions of the structure.  To be conservative, this stress is classified as a local primary membrane stress even though it has some characteristics of a secondary stress (see Annex 2C).
	1A.51 Local Structural Discontinuity – A source of stress or strain intensification that affects a relatively small volume of material and does not have a significant effect on the overall stress or strain pattern, or on the structure as a whole.  Examples are small fillet radii, small attachments, and partial penetration welds (see Annex 2C).
	1A.53 LTA – Locally Thin Area (see Part 5).
	1A.54 Major Structural Discontinuity – A source of stress or strain intensification that affects a relatively large portion of a structure and has a significant effect on the overall stress or strain pattern of the structure as a whole.  Examples are head-to-shell and flange-to-shell junctions, nozzles, and junctions between shells of different diameters or thicknesses (see Annex 2C).
	1A.55 MAT (Minimum Allowable Temperature) – The lowest permissible metal temperature for a given material at a specified thickness based on its resistance to brittle fracture.  It may be a single temperature, or an envelope of allowable operating temperatures as a function of pressure.  The 𝑀𝐴𝑇 is derived from mechanical design information, materials specifications, and/or materials data (see Part 3).
	1A.56 MAWP (Maximum Allowable Working Pressure) – The maximum gauge pressure adjusted for liquid head for a component in its operating position at the design temperature, based on calculations using the current minimum thickness, exclusive of thickness required for future corrosion allowance and supplemental loads.  Note that this term is also applied to piping components.  For components containing a flaw, the 𝑀𝐴𝑊𝑃 is also a function of the Remaining Strength Factor (see Part 2).
	1A.59 Membrane Stress – The component of normal stress that is uniformly distributed and equal to the average value of stress across the thickness of the section under consideration (see Annex 2C).  
	1A.60 MFH (Maximum Fill Height) – The maximum height permitted for a liquid with a given specific gravity in an atmospheric storage tank at the design temperature based on calculations using the current minimum thickness for all critical shell elements, exclusive of thickness required for future corrosion allowance and supplemental loads.  For components containing a flaw, the 𝑀𝐹𝐻 is also a function of the Remaining Strength Factor (see Part 2).
	1A.62 Minimum Allowable Thickness – The thickness required for each element of a vessel based on calculations considering temperature, pressure, and all loadings (see Annex 2B).
	1A.63 MDMT (Minimum Design Metal Temperature) – The lowest temperature at which a significant load can be applied to a pressure vessel as defined by the ASME Code, Section VIII, Division 1 (see Part 3).
	1A.72 Peak Stress – The basic characteristic of a peak stress is that it does not cause any noticeable distortion and is objectionable only as a possible source of a fatigue crack or a brittle fracture.  A stress that is not highly localized falls into this category if it is of a type, which cannot cause noticeable distortion (see Annex 2C).  Examples of peak stress are the thermal stress in the austenitic steel cladding of a carbon steel vessel, the thermal stress in the wall of a vessel or pipe caused by a rapid change in temperature of the contained fluid, and the stress at a local structural discontinuity.
	1A.73 Pitting – Localized corrosion in the form of a cavity or hole such that the surface diameter of the cavity is on the order of the plate thickness (see Part 6).
	1A.74 Plastic Analysis – A stress analysis method where the structural behavior of a component under load is computed considering the plasticity characteristics of the material including strain hardening and stress redistribution (see Annex 2C).
	1A.75 Plastic Instability Load – The plastic instability load for a structure under predominantly tensile or compressive loading is defined as the load at which unbounded plastic deformation can occur without further load increase.  At the plastic tensile instability load, the true stress in the material increases faster than the strain hardening can accommodate (see Annex 2C).
	1A.76 Plasticity – A general characterization of material behavior in which the material undergoes time independent non-recoverable deformation (see Annex 2C).
	1A.77 POD (Probability Of Detection) – A measure of the ability to detect a flaw or indication in a component using a standard NDE technique on a consistent basis.
	1A.78 Primary Stress – A normal or shear stress developed by the imposed loading that is necessary to satisfy the laws of equilibrium of external and internal forces and moments.  The basic characteristic of a primary stress is that it is not self-limiting.  Primary stresses that considerably exceed the yield strength will result in failure or at least in gross distortion.  A thermal stress is not classified as a primary stress.  Primary membrane stress is divided into general and local categories.  A general primary membrane stress is one that is distributed in the structure such that no redistribution of load occurs as a result of yielding.  Examples of primary stress are general membrane stress in a circular cylindrical or a spherical shell due to internal pressure or to distributed live loads and the bending stress in the central portion of a flat head due to pressure.  Cases arise in which a membrane stress produced by pressure or other mechanical loading and associated with a primary and/or a discontinuity effect would, if not limited, produce excessive distortion in the transfer of load to other portions of the structure.  To be conservative, this stress is classified as a local primary membrane stress even though it has some characteristics of a secondary stress.  A primary bending stress can be defined as a bending stress developed by the imposed loading that is necessary to satisfy the laws of equilibrium of external and internal forces and moments (see Annex 2C).
	1A.79 PSF (Partial Safety Factor) – A deterministic parameter (derived from statistical considerations) that represents a level of uncertainty or importance for a specific field variable.  For example, in a fracture mechanics analysis, distinct PSF’s may be applied to each of the loading, material toughness and crack sizing variables.  In combination these factors yield a desired level of confidence (i.e., degree of safety) in the calculated fracture assessment result.  Where the method is prescribed, tabulations are provided that map the required (or critical) analysis variables to a user selected risk level and the associated PSF multiplier.  As an application example, the PSF methodology is well established in the Load and Resistance Factor Design Manual of the American Institute of Steel Construction (see Part 2 and Part 9).
	1A.82 Ratcheting – A progressive incremental inelastic deformation or strain that can occur in a component subjected to variations of mechanical stress, thermal stress, or both (thermal stress ratcheting is partly or wholly caused by thermal stress).  Ratcheting is produced by a sustained load acting over the full cross section of a component, in combination with a strain controlled cyclic load or temperature distribution that is alternately applied and removed.  Ratcheting causes cyclic straining of the material, which can result in failure by fatigue and at the same time produces cyclic incremental growth of a structure, which could ultimately lead to collapse (see Part 14). 
	1A.83 Recognized Code or Standard – A term used to define a code or standard that is recognized by a local jurisdiction (see Part 1, paragraphs 1.2.2 and 1.2.3).
	1A.84 Reference Stress – A quantity that is used to account for plasticity effects in the 𝐹𝐴𝐷 method.  The reference stress is computed by multiplying the primary stress by a dimensionless factor that is a function of the component geometry and crack dimensions as shown in Part 9 and Annex 9C.  Traditionally, the reference stress has been defined from yield load solutions, such that the net cross section is fully plastic when the reference stress is equal to the yield strength.  An alternative definition of the reference stress is based on an elastic-plastic J-integral analysis (see Annex 2C).  This newer definition is more technically sound because it greatly reduces geometry effects in the 𝐹𝐴𝐷 curve.
	1A.86 Rerating – A change in either or both the temperature rating and the maximum allowable working pressure rating of a vessel (see Part 2).
	1A.87 𝑹𝑺𝑭 (Remaining Strength Factor) – The ratio of the collapse pressure of a damaged component (e.g., cylinder containing an LTA) to the collapse pressure of the undamaged component (see Part 2).
	1A.89 Secondary Stress – A normal stress or a shear stress developed by the constraint of adjacent parts or by self-constraint of a structure.  The basic characteristic of a secondary stress is that it is self-limiting.  Local yielding and minor distortions can satisfy the conditions that cause the stress to occur and failure from one application of the stress is not to be expected (see Annex 2C).  Examples of secondary stress are a general thermal stress and the bending stress at a gross structural discontinuity.
	1A.90 Sensitivity Analysis – A statistical or parametric process of varying the independent variables (or inputs) in order to determine the response (or sensitivity) of the dependent variables (or outputs).  For example, in a Fitness-For-Service analysis, determination of the maximum permissible crack length may have a strong sensitivity to temperature variation if the material fracture toughness (a material property) is also strongly influenced by temperature (see Part 2).
	1A.91 Shakedown – A process caused by cyclic loads or cyclic temperature distributions which produce plastic deformations in some regions of the component when the loading or temperature distribution is applied, but upon removal of the loading or temperature distribution, only elastic primary and secondary stresses are developed in the component, except in small areas associated with local stress (strain) concentrations.  These small areas exhibit a stable hysteresis loop, with no indication of progressive deformation.  Further loading and unloading, or applications and removals of the temperature distribution produce only elastic primary and secondary stresses (see Part 14).
	1A.92 Shear Stress – The component of stress tangent to the plane on which forces act (see Annex 2C).
	1A.93 Shock Chilling – Shock chilling is a rapid decrease in metal temperature caused by the sudden contact of liquid or a two-phase (gas/liquid) fluid with a metal surface when the liquid or two phase fluid is colder than the metal temperature at the instant of contact (see Part 3).
	1A.94 SOHIC (Stress-Oriented Hydrogen-Induced Cracking) – Arrays of cracks that are aligned nearly perpendicular to the applied stress, which is formed by the link-up of small HIC cracks in steel.  Tensile stress (residual or applied) is required to produce SOHIC.  SOHIC is commonly observed in the base metal adjacent to the Heat-Affected Zone (HAZ) of a weld, oriented in the through-thickness direction.  SOHIC may also be produced in susceptible steels at other high stress points such as from the tip of mechanical cracks and defects, or from the interaction between HIC on different planes in the steel (see Part 7).
	1A.95 Strain Limiting Load – The load associated with a given strain limit (see Annex 2C).
	1A.96 Stress Concentration Factor – A multiplying factor applied stress equal to the ratio of the maximum stress to the average section stress (see Annex 2C).
	1A.97 Stress Cycle – A stress cycle is a condition in which the alternating stress difference goes from an initial value through an algebraic maximum value and an algebraic minimum value and then returns to the initial value.  A single operational cycle may result in one or more stress cycles (see Part 14). 
	1A.98 Stress Intensity Factor – The stress intensity factor is used in fracture mechanics to predict the stress state or stress intensity near the tip of a crack in a linear elastic body caused by a remote loading or residual stresses (see Part 9 and Annex 9B).  There are three basic modes for a stress intensity factor:  opening (Mode I), in-plane shear (Mode II) and out-of-plane tearing (Mode III).  Mode I corresponds to normal separation of the crack faces under the action of tensile stresses.  The difference between Mode II and Mode III is that the shearing action in the former case is normal to the crack front in the plane of the crack whereas the shearing action in Mode III is parallel to the crack front.  A cracked body in reality can be loaded in any one of these three, or a combination of these three modes.
	1A.99 SSC (Sulfide Stress Cracking) – Cracking of a metal under the combined action of tensile stress and corrosion in the presence of water and H2S (a form of hydrogen stress cracking).  SSC involves hydrogen embrittlement of the metal by atomic hydrogen that is produced by the sulfide corrosion process on the metal surface.  The atomic hydrogen can diffuse into the metal and produce embrittlement.  SSC usually occurs more readily in high-strength steels or in hard weld zones of steels than in other types of steels or weld zones.
	1A.100 Tensile Strength – The maximum load per unit of original cross sectional area that a tensile test specimen of a material sustains prior to fracture.  The tensile strength may also be identified as the ultimate tensile strength (see Annex 2D).
	1A.101 Thermal Stress – A self-balancing stress produced by a nonuniform distribution of temperature or by differing thermal coefficients of expansion.  Thermal stress is developed in a solid body whenever a volume of material is prevented from assuming the size and shape that it normally would under a change in temperature.  For the purpose of establishing allowable stresses, two types of thermal stress are recognized, depending on the volume or area in which distortion takes place.  A general thermal stress that is associated with distortion of the structure in which it occurs.  If a stress of this type, neglecting stress concentrations, exceeds twice the yield strength of the material, the elastic analysis may be invalid and successive thermal cycles may produce incremental distortion.  Therefore, this type is classified as a secondary stress.  Examples of general thermal stress are the stress produced by an axial temperature distribution in a cylindrical shell, the stress produced by the temperature difference between a nozzle and the shell to which it is attached, and the equivalent linear stress produced by the radial temperature distribution in a cylindrical shell.  A local thermal stress is associated with almost complete suppression of the differential expansion and thus produces no significant distortion.  Such stresses are considered only from the fatigue standpoint and are therefore classified as local stresses.  Examples of local thermal stresses are the stress in a small hot spot in a vessel wall, the difference between the actual stress and the equivalent linear stress resulting from a radial temperature distribution in a cylindrical shell, and the thermal stress in a cladding material that has a coefficient of expansion different from that of the base metal (see Annex 2C).
	1A.102 Toughness – The ability of a material to absorb energy and deform plastically before fracturing (see Annex 9F).
	1A.103 Transition Temperature – The temperature at which a material fracture mode changes from ductile to brittle (see Annex 9F).
	1A.108 Yield Strength – The stress at which a material exhibits a specified deviation from the linear proportionality of stress versus strain (see Annex 2E).
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	2B.4.1.3 The following sections of this Annex describe each of the damage types and provide some typical examples of damage mechanisms and potential mitigation methods.  These sections are intended to introduce the concepts of service-induced deterioration and failure modes to an engineer (see Part 1).  The user is urged to consult with engineers familiar with damage modes and to refer to publications such as API RP 571 and WRC Bulletins 488, 489, and 490 that provide a more detailed description of damage mechanisms in various industries (see paragraph 2B.1).
	2B.4.1.4 When performing an 𝐹𝐹𝑆 Assessment it is important that the potential for further damage is considered or that steps are taken to preclude further damage from occurring by means of mitigation methods.  A list of the types of information needed for an engineer (see Part 1) to judge whether, and at what rate, further damage is likely to occur is provided in Table 2B.1 for damage mechanisms in the refining industry.

	2B.4.2 General Metal Loss Due to Corrosion and/or Erosion
	2B.4.2.1 General metal loss is defined as relatively uniform thinning over a significant area of the equipment (see Part 4).  Examples of general corrosion for carbon steel and low alloy steels are sulfidation in crude units, H2/H2S corrosion in hydrotreaters, and sour water corrosion in moderate velocity situations in sour water strippers.
	2B.4.2.2 A corrosion rate can usually be calculated from past and current thickness readings, for example see API 510, API 570, and API 653.  The corrosion rate can also be predicted from standard corrosion curves/references, such as the modified McConomy Curves for sulfidation of carbon and low alloy steels (these curves are a function of temperature and sulfur content versus alloy).  The measured or calculated rate, or a modified rate if conditions have changed, can be factored into an 𝐹𝐹𝑆 Assessment to evaluate future operation.
	2B.4.2.3 Remediation and monitoring methods for general metal loss are described in Part 4. 

	2B.4.3 Localized Metal Loss Due to Corrosion and/or Erosion
	2B.4.3.1 Unlike general metal loss, localized metal loss rates can vary significantly within a given area of the equipment.  Examples of localized metal loss are under deposit corrosion in crude unit overhead systems, naphthenic acid corrosion, injection point corrosion, and corrosion under insulation.  Localized corrosion can take many forms, such as pitting resulting in numerous surface cavities, selective galvanic corrosion in the region between two electrochemically different metals, selective corrosion attack along a weld Heat-Affected Zone (𝐻𝐴𝑍), corrosion attack in crevices resulting from the concentration of aggressive chemical specie(s), or local grooving due to impingement.  In general, the more resistant an alloy is to general corrosion, the more likely it is that corrosion, if it occurs, will be localized.  
	2B.4.3.2 When localized metal loss is detected, it is important to locate and characterize all of the locally thinned areas and obtain accurate measurements to calculate a metal loss rate.  Predicting a localized corrosion rate is difficult, since the damage may only occur under very specific operating conditions (temperatures, chemical species, flow velocity) and is more of an on/off situation and usually does not occur at a steady constant pace.  Since localized corrosion rates are extremely sensitive to minor variations in process conditions/materials it is difficult to find applicable reference sources of corrosion data.
	2B.4.3.3 Remediation and monitoring methods for local metal loss are described in Part 5. 

	2B.4.4 Surface Connected Cracking
	2B.4.4.1 Most service-induced cracking mechanisms initiate at the surface of the component.  Examples of service-induced surface cracking are mechanical and thermal fatigue and various forms of Stress Corrosion Cracking (SCC), such as Polythionic Acid Stress Corrosion Cracking (PASCC) or chloride SCC of austenitic stainless steels, amine type cracking of carbon steels, and sulfide stress cracking of carbon and low alloy steels.  Fatigue cracking data are available from a number of reference sources and future crack growth rate can be calculated if the stresses can be characterized (see Annex 9F).
	2B.4.4.2 The occurrence of SCC requires a combination of three conditions to be present: a susceptible material or material condition, a chemically aggressive environment, and a sufficiently high tensile stress.  Since three factors are involved, generalizations about environments that can cause SCC are difficult even when restricted to a specific class of material.  However, experiments and service experience have identified environments that can or have caused SCC in carbon and low alloy steels, and these have been tabulated and described in API RP 571.
	2B.4.4.3 The metallurgical condition of the material is an important determinant of the severity of the SCC problem.  For example, high hardness and strength make steel, particularly the HAZ of welds, more susceptible to sulfide stress cracking.  Another material condition is sensitization of austenitic steels (chromium-rich carbide precipitation at grain boundaries) that is necessary for PASCC.  The environmental and operating conditions of the component are also important.  For example, there is a threshold level of caustic concentration and temperature that must be exceeded before carbon steel is susceptible to caustic cracking.  In general, the greater the concentration of the causative agent, Cl, ammonia, H2S, CN, etc., the greater the likelihood of SCC.  For some mechanisms, increasing temperature increases susceptibility, while for others it decreases susceptibility.  Concentration of the causative agents due to boiling, crevices, etc. can lead to problems where bulk stream composition would not predict susceptibility.  Tensile stress is the third required ingredient for SCC.  High tensile stresses, both applied and residual, increase the severity of the problem.  Residual stress estimation is very important, because many cracks in practice arrest when they enter a lower residual stress field.
	2B.4.4.4 Surface cracks often are found by surface inspection techniques, such as visual, PT and MT, although UT methods and AET are also used to detect cracks.  Sizing surface connected cracking, in particular SCC, is very difficult, because in many cases the cracks are branched.  PT or MT examination methods can be used to determine the length of surface cracks and UT examination methods can be used to determine the depth of cracking.  Crack depth can also be determined by destructive grinding.
	2B.4.4.5 Predicting crack growth rates for SCC is also very difficult, because of a lack of relevant data and lack of precise knowledge of the environmental conditions near the crack tip, which can be different from the bulk stream composition.  SCC is also more of an on/off damage type, i.e., cracks can grow very rapidly if all the conditions are conducive, but it can also be dormant for a very long time.  
	2B.4.4.6 Mitigation methods to slow/prevent further SCC without removing cracks are somewhat limited.  Strip lining the area and possibly coating the area if the cracks are tight is possible.  Other methods are to alter the environment by means of chemical treatments, changing the temperature, or removing contaminants.  Monitoring methods consist of periodic UT measurements or continuous passive AET monitoring.  Stream sampling/analysis and process variable monitoring to predict when conditions conducive to SCC are present can also be used.
	2B.4.4.7 If cracks are removed, additional mitigation options are available, such as 𝑃𝑊𝐻𝑇 or heat treatment to remove residual stresses and/or improve the metallurgical condition such as grain refining, weld overlays and coatings to isolate the susceptible material from the environment.

	2B.4.5 Subsurface Cracking and Microfissuring/Microvoid Formation
	2B.4.5.1 Service-induced damage that is not surface connected or initiates subsurface cracking falls into the general class of low-temperature hydrogen related phenomena or high temperature mechanisms such as creep and hydrogen attack.  Hydrogen damage consisting of blistering, HIC, and SOHIC is primarily encountered in carbon steels operating in wet H2S or HF environments.  Much of refinery equipment is subject to wet H2S charging conditions during service or shutdown.  For example, deethanizers in fluid catalytic cracking light ends units typically have an environment with a high pH and cyanides that causes severe hydrogen charging leading to damage.  Low-temperature hydrogen related damage occurs because of a local surface corrosion reaction that allows hydrogen atoms to diffuse into the steel.  Once the hydrogen charging reaches a threshold concentration, damage can occur.  Subsurface service-induced hydrogen damage can also eventually connect with the surface, or this type of damage can initiate because of surface cracks, such as sulfide stress cracking.
	2B.4.5.2 This mechanism is similar to SCC in that susceptible material and an aggressive environment must be present.  Hydrogen blistering and HIC are however, not stress related, but SOHIC is.  Hydrogen damage often is an on/off mechanism, occurring under very specific environmental conditions that may be present only during upsets and startup/shutdowns.  Damage often occurs very quickly at first and once surface films buildup they inhibit further damage, although if films are disturbed in-service or intentionally during inspections accelerated damage can recur.  Since hydrogen charging normally only occurs from the process side of the equipment, the hydrogen concentration decreases through the wall and in practice many cracks arrest mid-wall and blisters are less prevalent on the external surfaces.
	2B.4.5.3 Metallurgical and microstructural details (e.g., the sulfur impurity level of the steel) affect the susceptibility to damage or threshold level for damage by a certain level of hydrogen charging.  Environmental variables, such as pH, temperature, CN, H2S content, and stream velocity influence the level of hydrogen charging.  Applied and residual stresses also influence SOHIC susceptibility.  Much of the equipment that will be evaluated for 𝐹𝐹𝑆 will contain hydrogen damage.  It is recommended that an expert in this field be consulted because it is very important to assess the future potential and rate of hydrogen damage.  Reference publications that can be used in this assessment are API RP571; and MTI Guidance for Failure Mechanisms, NACE Publications 8X194, 8X294, and RP0296, and API 939-A.  
	2B.4.5.4 Finding subsurface hydrogen damage is normally accomplished using various UT methods.  Assessing the damage is very difficult because this is more a damage mechanics than fracture mechanics problem, since there often is no discreet single crack, cracks may be interconnected, and stacked in arrays.  Various UT methods are used to characterize the damage.  
	2B.4.5.5 Mitigation for low temperature hydrogen damage can consist of chemical treatment and/or water washing to minimize hydrogen charging, strip lining or coatings to isolate the steel from the environment, and venting for blisters to relieve the internal stress.  If properly performed, 𝑃𝑊𝐻𝑇 may also reduce the propensity for SOHIC cracking by lowering the residual stress.  Monitoring methods consist of hydrogen probes that measure hydrogen flux and periodic UT inspections to monitor damage extent.
	2B.4.5.6 Creep and/or High Temperature Hydrogen Attack (HTHA) are mechanisms that form voids and fissuring only during latter stages of damage.  These mechanisms can be either surface-connected or initiate subsurface.  The variables that affect creep damage are the creep strength and strain capability of the material and the exposure conditions (stress and temperature).  The variables that affect hydrogen attack are similar, but in addition the hydrogen partial pressure in the process stream and the alloy chemistry are very important.   Subsurface creep and hydrogen attack damage that is detectable with UT methods, indicates that the component is at late stages of life for most common alloys.  Creep and hydrogen attack damage rates can only be reduced by lowering the severity of the operating conditions.  Field metallography may be effective for monitoring creep; however, the best monitoring method involves removing samples and conducting destructive tests while recording the temperature and pressure of the process.  

	2B.4.6 Metallurgical Changes
	2B.4.6.1 Metallurgical properties, such as strength, ductility, toughness, and corrosion resistance can change while a component is in-service due to microstructural changes because of thermal aging at elevated temperatures.  In addition, properties can also change because of hydrogen charging.  Examples of embrittlement are shown below:
	2B.4.6.2 These changes in properties are often difficult to detect, since damage may not have occurred yet.  Sometimes inferences can be made from examining samples or surface replicas.  Steel composition and microstructure, operating temperature, and accumulated strain are the most important factors that determine susceptibility to metallurgical changes.  Often, an equilibrium state of change is reached and further changes will not occur.  Hydrogen charging, even without material damage, will typically lower the ductility and possibly even the toughness of the material.  Hydrogen charging is a reversible reaction and if it does not cause damage, has no permanent effect.
	2B.4.6.3 Once the metallurgical properties are changed in-service, they usually are not recoverable.  Heat treatment can be effective, although this often is only a temporary solution.  To prevent further damage or degradation to metallurgical properties, the operating conditions can be adjusted to a lower severity.  If the degradation in properties is known, then operating precautions such as start-up and shutdown procedures can be altered to prevent damage from occurring despite the degraded physical properties.
	2B.4.6.4 As previously discussed, loss of toughness can occur in-service because of the process environment and service conditions.  This form of metallurgical damage will have significant impact on the structural integrity of a component containing a crack-like flaw.  In addition, experimental evidence indicates that loss of toughness may also have an effect on the structural integrity of components with blunt flaws that are typically associated with localized corrosion, groove-like flaws or pitting.  Some of the service and materials combinations that may be susceptible to loss of toughness are listed below.  An evaluation of the material toughness may be required depending on the flaw type, the severity of the environment, and the operating conditions.
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	3.4.4 Level 3 Assessment
	3.4.4.1 Pressure vessels, piping, and tankage that do not meet the criteria for Level 1 or 2 Assessments may be evaluated using a Level 3 Assessment.  Level 3 Assessments are required for components subjected to shock chilling.  Level 3 Assessments are also required for any components in which an active cracking mechanism exists.  Level 3 Assessments normally involve more detailed determinations of one or more of the three factors that control the susceptibility to brittle fracture: stress, flaw size and material toughness.
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	3.4.4.4 It may be necessary to evaluate stresses using advanced techniques such as finite element analysis.  Consideration should be given to all relevant loads including those that produce localized stresses (e.g., forces and moments at nozzles), thermal transient effects, and residual stress.  These additional considerations may result in different criteria for different locations within a piece of equipment.  Probable locations and orientations of crack-like flaws should be determined to guide the stress analyst.
	3.4.4.5 A Level 3 Assessment normally relies on a determination of maximum expected flaw sizes at locations of high stress.  In general, these postulated flaws should be assumed to be surface breaking and oriented transverse to the maximum stress.  For welded structures, this often implies that the flaw is located within the residual stress field parallel to a longitudinal weld or transverse to a circumferential weld.  The maximum expected flaw size should be detectable with standard NDE techniques.  The detectable flaw size will depend on factors such as surface condition, location, accessibility, operator competence, and NDE technique, Part 9 can be used to derive limiting sizes for crack-like flaws.  In this assessment, the aspect ratio of the assumed flaw should be large enough to ensure that the calculations are not highly sensitive to small variations in flaw depth in the through thickness direction.  To reduce this sensitivity, a minimum crack-like flaw aspect ratio of 6:1 is recommended. 
	3.4.4.6 The use of material toughness data from appropriate testing is the preferred basis for a Level 3 Assessment.  Where this is not practical, appropriate, and sufficiently conservative estimates should be made.  Methods for obtaining or estimating fracture toughness are described in Annex 9F.  The effects from any potential toughness degradation mechanisms should be appropriately addressed.  The effect of warm prestress (or hydrotest) on fracture toughness can be quantified using the procedure in WRC Bulletin 562.
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	3.6.2.7 External Heating Source – The use of external heating sources (e.g., steam tracing, electrical tracing, etc.) may provide adequate protection from potential brittle fracture scenarios, even if temporarily until a permanent mitigation can be implemented.
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	4.3.2 Maintenance and Operational History
	4.3.3 Required Data/Measurements for an FFS Assessment
	4.3.3.1 Thickness readings are required on the component where the metal loss has occurred to evaluate general metal loss.  An overview of the Level 1 and Level 2 Assessment options are shown in Figure 4.2, and described in paragraph 4.4.
	4.3.3.2 Point thickness readings may be used in the assessment if all of the following requirements are satisfied.  Otherwise, thickness profiles shall be used per paragraph 4.3.3.3.
	4.3.3.3 If thickness profiles are used in the assessment, the following procedure shall be used to determine the required inspection locations and the Critical Thickness Profiles (𝐶𝑇𝑃s).
	4.3.3.4 If the region of metal loss is close to or at a major structural discontinuity, the remaining thickness can be established using the procedure in paragraphs 4.3.3.2 or 4.3.3.3.  However, additional thickness readings should be taken to include sufficient data points in the region close to the major structural discontinuity.  This involves taking adequate thickness readings within the zones defined as follows for the components listed below:
	4.3.3.5 Additional thickness readings are required if discrepancies are noted in the reported thickness measurements.  For example, if the latest thickness reading is greater than the reading at the time of the last inspection, additional readings may be required to resolve the discrepancies in the data.  

	4.3.4 Recommendations for Inspection Technique and Sizing Requirements
	4.3.4.1 Thickness readings can be made using straight beam Ultrasonic Thickness examination (UT).  This method can provide high accuracy and can be used for point thickness readings and in obtaining thickness profiles.  Continuous line scans or area scans can also be used to obtain thickness profiles.  The limitations of UT are associated with uneven surfaces and access.  Examples include measuring the thickness at a weld or the thickness of the shell located underneath a reinforcing pad from the outside of a vessel.
	4.3.4.2 Obtaining accurate thickness readings using UT depends on the surface condition of the component.  Surface preparation techniques vary depending on the surface condition, but in many cases, wire brushing is sufficient.  However, if the surface has a scale build-up or is pitted, grinding may be necessary.
	4.3.4.3 All UT thickness readings should be made after proper calibration for the wall thickness, ultrasonic velocity, and temperature ranges of the component.  Special UT couplants are required if the thickness readings are obtained on high temperature components.  It may be preferable to obtain readings with probes less than 12.7 mm (0.5 inches) in diameter to provide greater assurance that pitting/localized corrosion is not present.
	4.3.4.4 Radiographic Testing (RT) may also be used to determine metal loss; however, accurate thickness data may only be obtained by moving the component containing the metal loss or moving the source around the component to obtain multiple views.  This type of manipulation may not be possible for all pressure-containing components.  However, RT examination can be effectively used to qualify the existence, extent, and depth of a region of metal loss, and may be used in conjunction with UT to determine whether the metal loss on a component is general or local.
	4.3.4.5 For components susceptible to brittle fracture (see Part 3, paragraph 3.2.2), supplemental inspection in accordance with paragraph 5.3.4.3 of Part 5 is required to confirm no crack-like flaws exist.
	4.3.4.6 Special precautions shall be made to validate inspection results when measured thickness readings are 2.5 mm (0.100 inches) or less.  Recommendations for consideration are listed below:


	4.4 Assessment Techniques and Acceptance Criteria
	4.4.1 Overview
	4.4.1.1 If the metal loss is less than the specified corrosion/erosion allowance and adequate thickness is available for the future corrosion allowance, no further action is required other than to record the data; otherwise, an assessment is required.
	4.4.1.2 An overview of the assessment levels is provided in Figure 4.1.
	4.4.1.3 If thickness readings indicate that the metal loss is localized and thickness profiles are obtained, the assessment procedures in this Part can still be used for the assessment.  However, the results may be conservative, and the option for performing the analysis using the assessment procedures of Part 5 is provided.
	4.4.1.4 𝐹𝐹𝑆 Assessments for the components listed below require special consideration because of the complexities associated with the design requirements of the original construction code.  In each case, an Engineer knowledgeable and experienced in the design requirements of the applicable code should perform the assessment (see Part 1, paragraph 1.4.3).  If the metal loss is in a component that was not subject to special design requirements per the original construction code (i.e., design requirements based on stress analysis), then the Level 1 or Level 2 Assessment procedures may be applied.  If the corrosion/erosion damage is in a component subject to special design requirements, then the calculations required in the original design to qualify the component should be repeated considering a reduced wall thickness.

	4.4.2 Level 1 Assessment
	4.4.2.1 The following assessment procedure shall be used to evaluate Type A Components (see paragraph 4.2.5) subject to internal or external pressure when Point Thickness Reading (PTR) data are used to characterize the metal loss (see paragraph 4.3.3.2).
	4.4.2.2 The following assessment procedure shall be used to evaluate Type A Components (see paragraph 4.2.5) subject to internal or external pressure when Critical Thickness Profile (𝐶𝑇𝑃) data are used to characterize the metal loss (see paragraph 4.3.3.3).
	4.4.2.3 If the component does not meet the Level 1 Assessment requirements (see Part 2, paragraph 2.4.2.2(e)), then the following, or combinations thereof, shall be considered:

	4.4.3 Level 2 Assessment
	4.4.3.1 The assessment procedure in paragraph 4.4.2.1 may be used to evaluate Type A and Type B Class 1 Components (see paragraph 4.2.5) subject to internal pressure, external pressure, supplemental load or combined loads when Point Thickness Reading (PTR) data are used to characterize the metal loss (see paragraph 4.3.3.2).  Note that the Level 2 Acceptance Criteria in Table 4.4, Table 4.5, Table 4.6 and Table 4.7 shall be used in conjunction with STEP 3.
	4.4.3.2 The assessment procedure in paragraph 4.4.2.2 may be used to evaluate Type A and Type B Class 1 Components (see paragraph 4.2.5) subject to internal pressure, external pressure, supplemental load or combined loads when 𝐶𝑇𝑃 data are used to characterize the metal loss (see paragraph 4.3.3.3).  Note that the Level 2 Acceptance Criteria in Table 4.4, Table 4.5, Table 4.6 and Table 4.7 shall be used in conjunction with STEP 6.
	4.4.3.3 The following assessment procedure can be used to evaluate Type B Class 2 Components (see paragraph 4.4.1.2(b)) subject to internal pressure or external pressure load.
	4.4.3.4 If the component does not meet the Level 2 Assessment requirements, then the following, or combinations thereof, can be considered:

	4.4.4 Level 3 Assessment
	4.4.4.1 The stress analysis techniques discussed in Annex 2D can be utilized to evaluate regions of general or local metal loss in pressure vessels, piping, and tanks.  The finite element method is typically used to compute the stresses in a component; however, other numerical methods such as the boundary element or finite difference method may also be used.  Handbook solutions may also be used if the solution matches the component geometry and loading condition.  The evaluation may be based on a linear stress analysis with acceptability determined using stress categorization, or a non-linear stress analysis with acceptability determined using a plastic collapse load.  Non-linear stress analysis techniques are recommended to provide the best estimate of the acceptable load carrying capacity of the component.  Guidelines for performing and processing results from a finite element analysis for an 𝐹𝐹𝑆 analysis are provided in Annex 2D.
	4.4.4.2 If a component is subject to external pressure and/or other loads that result in compressive stresses, a structural stability analysis should be performed using the methods in Annex 2D to determine suitability for continued service.  In addition, methods to evaluate fatigue are also included in Part 14 if a component is subject to cyclic loading.
	4.4.4.3 Thickness data per paragraph 4.3.3 as well as the component geometry, material properties and loading conditions are required for a Level 3 Assessment.  The thickness data can be used directly in finite element model of the component.  If thickness profile data are available, the thickness grid can be directly mapped into a three-dimensional finite element model using two or three dimensional continuum elements, as applicable.  This information can also be used if the component is modeled using shell elements.
	4.4.4.4 If the region of local metal loss is close to or at a major structural discontinuity, details of the component geometry, material properties, and imposed supplemental loads (see Annex 2C, paragraph 2C.2.7) at this location are required for the assessment.  Special consideration is required if there are significant supplemental loads at a nozzle, piping branch connection, or pipe bend.  The location and distribution of the metal loss in these components may significantly affect both the flexibility and stress distribution in a manner that cannot be evaluated using the approaches employed in the design.  In addition, the localized metal loss may significantly reduce the plastic collapse load capability depending on the nozzle geometry, piping system configuration, and/or applied supplemental loads.


	4.5 Remaining Life Assessment
	4.5.1 Thickness Approach
	4.5.1.1 The remaining life of a component can be determined based upon computation of a minimum required thickness for the intended service conditions according to Table 4.4, Table 4.5, Table 4.6 and Table 4.7, thickness measurements from an inspection, and an estimate of the anticipated corrosion rate.  This method is suitable for determination of the remaining life for Type A and Type B Class 1 Components (see paragraph 4.2.5).
	4.5.1.2 The remaining life determined using the Thickness Approach may produce non-conservative results when applied to Type B Class 2 or Type C Components (see paragraph 4.2.5).  For these cases, the remaining life should be established using the 𝑀𝐴𝑊𝑃 approach.

	4.5.2 MAWP Approach
	4.5.2.1 The 𝑀𝐴𝑊𝑃 approach provides a systematic method for determining the remaining life of Type A, B, and C components (see Annex 4A, reference [2]).  This method is also the only method suitable for determining the remaining life of Type B and C components.  In addition, the 𝑀𝐴𝑊𝑃 approach ensures that the design pressure is not exceeded during normal operation if the future corrosion rate is accurately established.
	4.5.2.2 The following procedure can be used to determine the remaining life of a component using the 𝑀𝐴𝑊𝑃 approach.
	4.5.2.3 This approach may also be applied to tanks using the maximum fill height, 𝑀𝐹𝐻, instead of the 𝑀𝐴𝑊𝑃.


	4.6 Remediation
	4.6.1 Objectives
	4.6.2 Methods
	4.6.2.1 Remediation Method 1 – Performing Physical Changes to the Process Stream; the following can be considered. 
	4.6.2.2 Remediation Method 2 – Application of solid barrier linings or coatings to keep the environment isolated from the base metal that has experienced previous damage.
	4.6.2.3 Remediation Method 3 – Injection of water and/or chemicals on a continuous basis to modify the environment or the surface of the metal.  Important variables to consider when injecting chemicals are the particular stream contaminants, injection point location and design, rate of injection, eventual disposition and any adverse reactions, the effect of process upsets, and monitoring for effectiveness.  Examples of this type are as follows:
	4.6.2.4 Remediation Method 4 – Application of weld overlay for repair of the base material or for the addition of a corrosion resistant lining.  If weld overlay is applied, the weldability of the base metal considering the effects of the environment should be evaluated (see Annex 2B).  Note that the application of a weld overlay may necessitate a 𝑃𝑊𝐻𝑇.
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	5.1.1 Assessment Procedures for Local Metal Loss
	5.1.2 Choice of Part 4 or Part 5 Assessment Procedures
	5.1.3 Pitting Damage

	5.2 Applicability and Limitations of the Procedure
	5.2.1 Local Metal Loss Assessment
	5.2.2 Limitations Based on Flaw Type
	5.2.3 Calculation of the MAWPr and MFHr, and Coincident Temperature
	5.2.4 Limitations Based on Temperature
	5.2.5 Applicability of the Level 1 and Level 2 Assessment Procedures
	5.2.6 Applicability of the Level 3 Assessment Procedures
	5.2.7 Assessment of Blend Ground Areas for Crack-Like Flaw Removal

	5.3 Data Requirements
	5.3.1 Original Equipment Design Data 
	5.3.2 Maintenance and Operational History
	5.3.3 Required Data/Measurements for an FFS Assessment
	5.3.3.1 To assess local corrosion/erosion, thickness readings are required on the component in the area where the metal loss has occurred.  If the metal loss is less than the specified corrosion/erosion allowance and adequate thickness is available for the future corrosion allowance, no further action is required other than to record the data. 
	5.3.3.2 The following information is required for a Level 1 and Level 2 Assessment.
	5.3.3.3 The information required to perform a Level 3 Assessment depends on the analysis method utilized.  In general, a limit load procedure using a numerical technique can be used to establish the acceptable operating or design conditions as appropriate.  For this type of analysis, a description of the local metal loss including size and thickness profiles (similar to that required for a Level 2 Assessment) shall be obtained along with the material strength (see paragraph 5.4.4).

	5.3.4 Recommendations for Inspection Technique and Sizing Requirements
	5.3.4.1 Recommendations for obtaining thickness measurements to characterize the local metal loss are covered in Part 4, paragraph 4.3.4.
	5.3.4.2 The radius at the base of the groove-like flaw can be established by using a profile gauge.  Alternatively, a mold can be made of the flaw using clay or a similar material and the radius can be directly determined from the mold.
	5.3.4.3 In addition to thickness readings to establish the thickness profile, the following inspections are recommended.  For components susceptible to brittle fracture (see Part 3, paragraph 3.2.2), these inspections are required.


	5.4 Assessment Techniques and Acceptance Criteria
	5.4.1 Overview
	5.4.1.1 If the metal loss is less than the specified corrosion/erosion allowance and adequate thickness is available for the future corrosion allowance, no further action is required other than to record the data; otherwise, an assessment is required.
	5.4.1.2 An overview of the assessment levels is provided in Figure 5.1.

	5.4.2 Level 1 Assessment
	5.4.2.1 The Level 1 Assessment procedures can be used to evaluate a Type A Component with local metal loss subject to internal pressure.  The procedures can be used to determine acceptability and/or to rerate a component with a flaw.  If there are significant thickness variations over the length of the flaw or if a network of flaws is closely spaced, this procedure may produce conservative results, and a Level 2 Assessment is recommended.
	5.4.2.2 The procedure shown below is developed for pressurized components where an 𝑀𝐴𝑊𝑃 can be determined.  For an atmospheric storage tank, the same procedure can be followed to determine a 𝑀𝐹𝐻 by replacing them 𝑀𝐴𝑊𝑃 with the 𝑀𝐹𝐻, and determining the 𝑀𝐹𝐻 using the applicable code equations for a tank shell.
	5.4.2.3 If the equipment is not acceptable for continued operation per Level 1 Assessment requirements, then the following, or combinations thereof, shall be considered:

	5.4.3 Level 2 Assessment
	5.4.3.1 The Level 2 Assessment procedures provide a better estimate of the Remaining Strength Factor than the Level 1 procedure for local metal loss in a component subject to internal pressure if there are significant variations in the thickness profile.  These procedures account for the local reinforcement effects of the varying wall thickness in the region of the local metal loss and ensure that the weakest ligament is identified and properly evaluated.  The procedures can be used to evaluate closely spaced regions of local metal loss in lieu of the interaction rules specified in Part 4, Paragraph 4.3.3.3(f)(3)).  The procedures can also be used to evaluate local metal loss in a Type A or Type B Class 1 component of cylindrical shape subject to external pressure and supplemental loads.
	5.4.3.2 The following assessment procedure can be used to evaluate Type A Components subject to internal pressure (see paragraph 5.2.5(d)).  The procedure shown below is developed for pressurized components where a 𝑀𝐴𝑊𝑃 can be determined.  For an atmospheric storage tank, the same procedure can be followed to determine a 𝑀𝐹𝐻 by replacing the 𝑀𝐴𝑊𝑃 with the 𝑀𝐹𝐻, and determining the 𝑀𝐹𝐻 using the applicable code equations for a tank shell.
	5.4.3.3 The following assessment procedure can be used to evaluate a Type A or Type B Class 1 component of cylindrical shape subject to external pressure.  If the flaw is found to be unacceptable, the procedure can be used to establish a new 𝑀𝐴𝑊𝑃.
	5.4.3.4 The assessment procedure in this paragraph can be used to determine the acceptability of the circumferential extent of a flaw in a cylindrical or conical shell subject to internal pressure and supplemental loads.  Note that the acceptability of the longitudinal extent of the flaw is evaluated using paragraph 5.4.3.2 or paragraph 5.4.3.3, as applicable.
	5.4.3.5 If the equipment is not acceptable for continued operation per the Level 2 Assessment requirements, then the following, or combinations thereof, can be considered:

	5.4.4 Level 3 Assessment

	5.5 Remaining Life Assessment
	5.5.1 Thickness Approach
	5.5.1.1 The remaining life of a component with a region of local metal loss can be estimated based upon computation of a minimum required thickness for the intended service conditions, actual thickness and region size measurements from an inspection, and an estimate of the anticipated corrosion/erosion rate and rate of change of the size of the flaw.  If this information is known, or can be estimated, the equations in paragraph 5.4.2.2 or paragraph 5.4.3.2 can be solved iteratively with the following substitutions to determine the remaining life:
	5.5.1.2 The rate-of-change in the size or characteristic length of a region of local metal loss can be estimated based upon inspection records.  If this information is not available, engineering judgment should be applied to determine the sensitivity of the remaining life of the component to this parameter.
	5.5.1.3 The remaining life determined using the thickness-based approach can only be utilized if the region of local metal loss is characterized by a single thickness.  If a thickness profile is utilized (Level 2 Assessment procedure), the remaining life should be established using the 𝑀𝐴𝑊𝑃 Approach.  

	5.5.2 MAWP Approach
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	6.2.1 Assessment of Four Types of Pitting Corrosion
	6.2.2 Calculation of the MAWPr and MFHr and Coincident Temperature
	6.2.3 Limitations Based on Flaw Type
	6.2.4 Limitations Based on Temperature
	6.2.5 Applicability of the Level 1 and Level 2 Assessment Procedures
	6.2.5.1 The Level 1 and 2 Assessment procedures in this Part shall apply only if all the following conditions are satisfied.
	6.2.5.2 A Level 2 Assessment shall be performed if:

	6.2.6 Applicability of the Level 3 Assessment Procedures
	6.2.8 Future Corrosion Allowance

	6.3 Data Requirements
	6.3.1 Original Equipment Design Data
	6.3.2 Maintenance and Operational History
	6.3.3 Required Data/Measurements for an FFS Assessment
	6.3.3.1 In a Level 1 Assessment, a measure of the surface damage in terms of pitted area and the maximum pit depth are used to quantify the extent of pitting corrosion.  The depth of a pit should be carefully measured because of the variety of pit types that can occur in service (see Figure 6.5).  The measure of surface area damage is determined using standard pit charts by comparing the actual damage on the component to the damage represented on the pit chart (see Figures 6.6 through 6.13).  A pit chart is found by comparing the surface damage (black areas) to the surface damage on the actual component.  This chart along with an estimate of the corresponding maximum pit depth is used to directly determine acceptability.  Therefore, the data required for an assessment should include a photograph (with a reference scale) and/or rubbing of the surface of the damaged component with an estimate of the maximum pit depth.  A cross-sectional UT thickness scan can also be performed to determine the pitting profile.  Guidelines for determining the maximum pit depth are included in paragraph 6.3.4.1.
	6.3.3.2 In a Level 2 Assessment, the measure of damage used to evaluate pitting is the pit-couple.  A pit-couple is composed of two pits separated by a solid ligament (see Figure 6.14).  The metal loss of each pit in a pit-couple is modeled as an equivalent cylinder.  To define a pit-couple, the diameter and depth of each pit, and the distance between the pit centers are required.  The orientation of the pit-couple in the biaxial stress field may also be included in the assessment (see Figure 6.14).  The depth and diameter of a pit should be carefully measured because of the variety of pit types that can occur in service (see Figure 6.5).  If the pit has an irregular shape, a diameter and depth that encompasses the entire shape should be used in the assessment.
	6.3.3.3 The information required to perform a Level 3 Assessment depends on the analysis method utilized.  In general, a limit load procedure using a numerical technique can be used to establish the acceptable operating or design conditions as appropriate.  A description of the pitting, like that required for a Level 2 Assessment, should be obtained along with the material yield strength and stress-strain curve.
	6.3.3.4 The future Pitting Progression Rate (PPR) should be estimated.  This is not a straightforward procedure because pits can increase in size (depth and diameter), increase in density, and a region of local pitting may increase in size.  All pit dimensions used in the assessments in this Part should be based on the best estimate of future size.  The determination of a remaining life for a component with pitting corrosion is discussed in paragraph 6.5.

	6.3.4 Recommendation for Inspection Technique and Sizing Requirements
	6.3.4.1 Precise measurement of pitting is difficult.  Care should be taken to ensure that the correct dimensions are measured because pits often have irregular shapes as shown in Figure 6.5 or are filled with scale.  Pit gauges are used to measure pit depth and rulers or calipers to measure pit diameter and the distance between pits.  Ultrasonic methods can also be used to measure the wall thickness of pits with large diameters and the average plate thickness in non-pitted areas adjacent to the pitting.
	6.3.4.2 It is difficult to detect small diameter pits or to measure the depth of pits using ultrasonic methods.  Radiography may also be used to characterize the damage in pitted regions.
	6.3.4.3 If the surface is scaled, dirty or has a damaged coating, cleaning (e.g., sandblasting) may be required to obtain accurate pit measurements.
	6.3.4.4 Inspection techniques that characterize pitting corrosion from the opposite surface should only be used when they have sufficient resolution and coverage to ensure that significant damage cannot be overlooked.  
	6.3.4.5 For components susceptible to brittle fracture (see Part 3, paragraph 3.2.2), supplemental inspection in accordance with paragraph 5.3.4.3 of Part 5 is required to confirm no crack-like flaws exist.


	6.4 Assessment Techniques and Acceptance Criteria
	6.4.1 Overview
	6.4.1.1 If the depth of all the pits is less than the specified corrosion/erosion allowance and adequate thickness is available for future pitting corrosion (see paragraph 6.5.1), no further action is required other than to record the data; otherwise, an assessment is required.  The procedures in this Part can be used to determine the acceptability of a component for continued operation to a future date when an estimate on the pitting progression rate can be determined (see paragraph 6.3.3.4).  
	6.4.1.2 An overview of the assessment levels is provided in Figure 6.1.

	6.4.2 Level 1 Assessment
	6.4.2.1 The Level 1 Assessment technique utilizes standard pit charts and the maximum pit depth in the area being evaluated to estimate a Remaining Strength Factor, 𝑅𝑆𝐹.  The surface damage of the pitted region is characterized by making a visual comparison between the actual damage and a standard pit chart.  Based on the pit chart that best approximates the present damage, the remaining strength factor can be determined using the measured maximum pit depth.
	6.4.2.2 The following assessment procedure can be used to evaluate Type A components subject to internal pressure that meet the conditions stipulated in paragraph 6.2.5.1 that are applicable to a Level 1 Assessment.  For an atmospheric storage tank, the same procedure can be followed to determine a 𝑀𝐹𝐻 by replacing the 𝑀𝐴𝑊𝑃 with the 𝑀𝐹𝐻, and determining the 𝑀𝐹𝐻 using the applicable code equations for a tank shell.
	6.4.2.3 If the component does not meet the Level 1 Assessment requirements, then the following, or combinations thereof, can be considered:

	6.4.3 Level 2 Assessment
	6.4.3.1 The assessment procedure in paragraphs 6.4.3.2, 6.4.3.3 and 6.4.3.4 are used to determine the acceptability for the circumferential stress direction.  The assessment procedure in paragraph 6.4.3.5 is used to determine the acceptability for the longitudinal stress direction.  A Level 2 Assessment provides a better estimate of the 𝑅𝑆𝐹 than a Level 1 Assessment for pitting corrosion in a component subject to internal pressure loading and supplemental loading for cylindrical and conical shells.  This procedure accounts for the orientation of the pit-couple with respect to the maximum stress direction.  Guidance for conducting an assessment for the four categories of pitting described in paragraph 6.2.1 is shown in Figure 6.2.  The procedure in this Part or the pitting charts in Level 1 can be used to determine the acceptability of a component at a future date when an estimate on the pitting progression rate can be determined (see paragraph 6.3.3.4).
	6.4.3.2 The following assessment procedure can be used to evaluate components with widespread or localized pitting when conditions described in paragraph 6.2.5.1 are met.  If the flaw is found to be unacceptable in the circumferential stress direction, the procedure can be used to establish a reduced 𝑀𝐴𝑊𝑃.  For an atmospheric storage tank, the same procedure can be followed to determine a 𝑀𝐹𝐻 by replacing the 𝑀𝐴𝑊𝑃 with the 𝑀𝐹𝐻, and determining the 𝑀𝐹𝐻 using the applicable code equations for a tank shell.
	6.4.3.3 Pitting Confined Within a Region of Localized Metal Loss – If the pitting corrosion is confined within a region of localized metal loss (see Figure 6.16), then the results can be evaluated using the following methodology.  This procedure assumes that the pitting depths and 𝐿𝑇𝐴 will corrode an equivalent amount given by 𝐹𝐶𝐴.
	6.4.3.4 Region of Local Metal Loss Located in An Area of Widespread Pitting – If a region of local metal loss (𝐿𝑇𝐴) is in an area of widespread pitting, then a combined Remaining Strength Factor can be determined using Equation  and the following procedure.  This procedure assumes that the pitting depths and 𝐿𝑇𝐴 will corrode an equivalent amount given by 𝐹𝐶𝐴.
	6.4.3.5 The assessment procedures in this paragraph should be used to determine the acceptability of the longitudinal stress direction in a cylindrical or conical shell or pipe with pitting corrosion subject to internal pressure and supplemental loads.  The acceptability of the circumferential stress direction is evaluated using paragraph 6.4.3.2.
	6.4.3.6 Type B Class 2 Components with pitting may be evaluated using the assessment procedure in Part 4, paragraph 4.4.3.3.  For this analysis, the average measure thickness, 𝑡𝑎𝑚, calculated using the following equation shall be used.
	6.4.3.7 If the component does not meet the Level 2 Assessment requirements, then the following, or combinations thereof, can be considered:

	6.4.4 Level 3 Assessment
	6.4.4.1 The stress analysis techniques discussed in Annex 2D can be utilized to assess pitting corrosion in pressure vessels, piping, and tankage.  The limit load techniques described in Annex 2D are typically recommended for this evaluation.
	6.4.4.2 If a numerical computation (e.g., finite element method) is used to evaluate pitting, two alternatives for modeling the pits may be considered.  In the first method, the pits can be modeled directly using three- dimensional continuum finite elements.  This method may be impractical based upon the pit density.  In the second method, the reduced stiffness of the plate with pits can be approximated by using effective elastic constants or by developing an equivalent thickness.  Effective elastic constants for plates with holes with triangular and rectangular pitch patterns are provided in the ASME B&PV Code Section VIII, Division 1, Part UHX.  Either of these methods will facilitate modeling of pitting corrosion using either shell or continuum finite elements; however, representative values of the effective elastic constants or equivalent thickness should be validated for use in the assessment.  In addition, if a limit analysis is being performed, the validity of the effective elastic constants or equivalent thickness in the plastic regime should also be determined.
	6.4.4.3 Multiple Layer Analysis – This analysis is used to account for pitting on both sides of the component (see Figure 6.3) when the pitting corrosion is not overlapping.  In this analysis, 𝐸𝑎𝑣𝑔,𝑘 is calculated for each pit-couple using Equations  through .  The value of 𝐸𝑎𝑣𝑔,𝑘 is then used along with the thickness of all layers that the pit-couple penetrates to calculate a value of 𝑅𝑆𝐹𝑘 for the pit couple.  The selection of the number of layers, 𝑁, is based on the depth of pits on both sides of the component.  Each layer thickness, 𝑡𝐿, is determined by the depth of the deeper of the two pits in the pit-couple that establishes the layer.  For layers where a pit-couple does not penetrate the layer, and the solid layer for all pit couples, 𝐸𝑎𝑣𝑔,𝑘 in Equation  equals 1.0.  The 𝑀𝐴𝑊𝑃 used with this expression should be based on 𝑡𝑐.  A procedure for overlapping pitting analysis has not been provided (see Figure 6.3(b)).
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	6.5.1 MAWP Approach
	6.5.1.1 The 𝑀𝐴𝑊𝑃 approach (see Part 4, paragraph 4.5.2) provides a systematic way of determining the remaining life of a pressurized component with pitting.  When estimating the remaining life of pitting corrosion, a Pit Propagation Rate should be determined based on the environmental and operating conditions.
	6.5.1.2 Pits can grow in three different modes and suitable estimates for a propagation rate should be established for each mode.  In addition to these individual modes, pitting corrosion can also grow from a combination of these modes.
	6.5.1.3 If an estimate of the propagation rates cannot be made, remediation methods may be used to minimize future pitting corrosion.

	6.5.2 MAWP Procedure for Remaining Life Determination
	6.5.2.1 This approach may also be applied to tankage; however, in this case, the liquid maximum fill height, 𝑀𝐹𝐻, is evaluated instead of the 𝑀𝐴𝑊𝑃.
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	7.4.1 Overview
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	8.2.1.3 Shell Distortion – Categories of shell distortion are defined as follows:

	8.2.2 Limitations Based on Flaw Type
	8.2.3 Calculation of the MAWPr and MFHr and Coincident Temperature
	8.2.4 Limitations Based on Temperature
	8.2.5 Applicability of the Level 1 and Level 2 Assessment Procedures
	8.2.5.1 Level 1 Assessment procedures are based on the criteria in the original construction code.  If these criteria are not completely defined by the original construction code and are not in the original owner-user design specification, a Level 2 or Level 3 Assessment may be performed.  Level 1 Assessment procedures shall not be used if the component is in cyclic service.  A screening procedure to determine if a component is in cyclic service is provided in Part 14.
	8.2.5.2 The Level 2 Assessment procedures in this part apply only if all the following conditions are satisfied:

	8.2.6 Applicability of the Level 3 Assessment

	8.3 Data Requirements
	8.3.1 Original Equipment Design Data
	8.3.2 Maintenance and Operational History
	8.3.3 Required Data/Measurements for an FFS Assessment
	8.3.3.1 The information typically used for a Level 1 and Level 2 Assessment is covered in paragraphs 8.4.2 and 8.4.3, respectively.  A summary of these data is provided in Table 8.1.
	8.3.3.2 The information required to perform a Level 3 Assessment depends on the analysis method utilized.  A detailed stress analysis or limit load procedure using a numerical technique can be used to establish acceptable operating conditions.  For such analyses, an accurate description of the weld misalignment or shell distortion should be obtained along with the material properties, including the elastic modulus and the yield stress (see Annex 2E).  The description of the weld misalignment or shell distortion should include field measurements that adequately characterize the deformed shape.

	8.3.4 Recommendations for Inspection Technique and Sizing Requirements
	8.3.4.1 Measurement of the radial (offset) and angular (peaking) misalignment at the weld joint is required to use the assessment procedures for weld misalignment.
	8.3.4.2 Measurement of the radius and associated deviation from the mean radius at positions around the circumference are required to use the assessment procedures for circumferential out-of-roundness of cylindrical shells.
	8.3.4.3 An estimate of the local radius, 𝑅𝐿, is required to use the assessment procedures for local imperfections in cylindrical shells subject to external pressure.  The local radius, 𝑅𝐿, can be estimated using the guidelines shown in Figure 8.10.
	8.3.4.4 Estimates of the local bulge radii and the bulge angular extent are required to use the assessment procedures for bulges.  In addition, if the bulge is caused by local heating, hardness values and other in-situ testing should be considered to evaluate the condition of the material.


	8.4 Evaluation Techniques and Acceptance Criteria
	8.4.1 Overview
	8.4.2 Level 1 Assessment
	8.4.2.1 The Level 1 Assessment procedures are based on the fabrication tolerances provided in the original construction code.  Tables 8.3 through 8.7 provide an overview of these tolerances for the following construction codes.  For equipment or components designed to other recognized construction codes, standards, or specifications, fabrication tolerances in those documents may also be followed (see paragraph 8.2.5.1).
	8.4.2.2 If the component does not meet the Level 1 Assessment requirements, then a Level 2 or Level 3 Assessment can be conducted.

	8.4.3 Level 2 Assessment
	8.4.3.1 The Level 2 Assessment procedures are computational procedures for assessment of a weld misalignment or shell distortion in a component subject to pressure and supplemental loads.  Calculation methods are provided to rerate the component if the acceptance criteria in this part are not satisfied.
	8.4.3.2 Weld Misalignment
	8.4.3.3 Out-Of-Roundness – Cylindrical Shells and Pipe Elbows
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	8.4.4 Level 3 Assessment
	8.4.4.1 The stress analysis techniques in Annex 2D can be used to assess the weld misalignment or shell distortion discussed in this part in pressure vessels, piping, and tankage.
	8.4.4.2 Linear stress analysis and the stress categorization techniques discussed in Annex 2D, paragraph 2D.2.2 can be used to analyze misalignment at weld joints.  In the Level 2 Assessment, the induced bending stress resulting from misalignment is considered a secondary bending stress for most applications.  In some cases, this stress should be taken as a primary bending stress if elastic follow-up occurs.  The limit load techniques described in Annex 2D, paragraph 2D.2.3 may be utilized in the analysis to resolve issues pertaining to stress categorization.
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	8.4.4.4 If the component is subject to a compressive stress field, the non-linear stress analysis techniques described in Annex 2D, paragraph 2D.2.4 may be used for the assessment.  If geometric non-linearity is included along with material non-linearity in the assessment, the stability of the component can be evaluated in the same analysis utilized to determine the plastic collapse strength.  Alternatively, the stress categorization and structural stability techniques discussed in Annex 2D, paragraph 2D.2.2 and Annex 2C, paragraph 2C.4, respectively, may be utilized in the assessment.
	8.4.4.5 If the component is operating in the creep range, a non-linear analysis that includes both material (plasticity and creep) and geometric non-linearity should be performed.  Stresses due to a localized weld misalignment or shell distortion may not sufficiently relax with time because of the surrounding compliance of the component.  In this case, creep strains can accumulate and could result in significant creep damage or cracking.  The assessment procedures in Part 10 are recommended for such situations.
	8.4.4.6 If the component contains a weld misalignment or shell distortion with highly localized stresses, a detailed non-linear stress analysis and assessment should be performed.  This assessment should also include an evaluation of the material toughness requirements.  Otherwise, repair or replacement of the component is recommended.
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	9C.3.4 Plate – Surface Crack, Semi-Elliptical Shape, Through-wall Membrane and Bending Stress (RPSCE1)
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	9C.3.9.2 Notes: 


	9C.4 Reference Stress Solutions for Plates with Holes
	9C.4.1 Plate with Hole – Through-Wall Single Edge Crack, Through-Wall Membrane and Bending Stress (RPHTC1)
	9C.4.1.1 The Reference Stress is given by Equation (9C.27) with the following definition of 𝛼:
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	9C.4.3.2 Notes: 

	9C.4.4 Plate with Hole, Corner Crack, Semi-Elliptical Shape, Through-Wall Membrane and Bending Stress (RPHSC2)
	9C.4.4.1 The Reference Stress is given by Equation (9C.27) with the following definition of 𝛼:
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	9C.5.8 Cylinder – Surface Crack, Circumferential Direction – 360 Degrees, Through-Wall Fourth Order Polynomial Stress Distribution (RCSCCL2)  
	9C.5.8.1 The Reference Stress is (Reference [2]):
	9C.5.8.2 Notes:

	9C.5.9 Cylinder – Surface Crack, Circumferential Direction – 360 Degrees, Through-wall Arbitrary Stress Distribution (RCSCCL3)
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	9C.5.18 Cylinder – Embedded Crack, Longitudinal Direction – Elliptical Shape, Through-Wall Fourth Order Polynomial Stress Distribution (RCECLE)
	9C.5.18.1 The Reference Stress is given by Equation (9C.35) with the following definitions for 𝑑 and 𝛼:
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	10.3.3.2 The definition of the operating history is required in perform an 𝐹𝐹𝑆 Assessment of a component operating in the creep range.

	10.3.4 Required Data for an FFS Assessment – Loads and Stresses
	10.3.4.1 A stress analysis is required for a Level 2 or Level 3 Assessment.
	10.3.4.2 Stress calculations shall be performed for all points included in the load history (see paragraph 10.3.3.2) that will be used in the assessment.
	10.3.4.3 The stress analysis performed for all assessment levels shall include the effects of service-induced wall thinning (e.g., oxidation).
	10.3.4.4 Additional information regarding stress analysis for a component containing a crack-like flaw is provided in Part 9, paragraph 9.3.4.2.
	10.3.4.5 Component temperatures used in an assessment should be based on the operating temperatures considering the following.
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	10.3.5.1 An overview of the material data required to perform a remaining life assessment is provided in Annex 10B and summarized below.  The material data presented in Annex 10B are from the MPC Project Omega data that are based on a strain-rate approach, and the creep rupture life data from API Std 530.  Both types of data can be used in the Level 2 or Level 3 Assessment procedures to determine a remaining life.  The Project Omega data is required in a Level 3 creep buckling analysis.  Material data applicable to service exposed materials from other sources may be used in a Level 3 Assessment.
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	10.4.1 Overview
	The 𝐹𝐹𝑆 Assessment procedures used to evaluate the remaining life of a component operating in the creep range are described below.  The three assessment levels used to evaluate creep damage are based on the data and details required for the analysis, whether the component contains a crack-like flaw, the degree of complexity required for a given situation, and the perceived risk (see API RP 580 or API RP 581).

	10.4.2 Level 1 Assessment
	10.4.2.1  The Level 1 Assessment for a component subject to a single operating condition in the creep range is provided below.
	10.4.2.2 The Level 1 Assessment for a component subject to multiple operating conditions in the creep range is shown below.
	10.4.2.3 If the component does not meet the Level 1 Assessment requirements, then the following, or combinations thereof, can be considered:

	10.4.3 Level 2 Assessment
	10.4.3.1 The Level 2 Assessment procedure shall be performed in accordance with paragraph 10.5.2.3.  The temperature of the component used in the assessment is assumed to be uniform for each specific time step.  
	10.4.3.2 If the component does not meet the Level 2 Assessment requirements, then the following, or combinations thereof, can be considered:

	10.4.4 Level 3 Assessment
	10.4.4.1 The Level 3 Assessment procedures are covered in paragraph 10.5.  Except for the procedure for the evaluation of dissimilar metal welds, these procedures can also be used to evaluate a component containing one or more of the flaws listed in paragraph 10.2.2.1(d).  If the flaw is volumetric (i.e., LTA, pitting damage, weld misalignment, out-of-roundness, bulge, dent, or dent-gouge combination), then the stress analysis model used to evaluate the remaining life shall include the flaw so that localized stresses and strains are accounted for.  These stress results are then directly used in the assessment.  If the component contains a crack-like flaw, then the stress analysis used for remaining life can be based on an uncracked body analysis.  The effects of the crack are accounted for in the assessment procedure.
	10.4.4.2 If the component does not meet the Level 3 Assessment requirements, then the following, or combinations thereof, can be considered:


	10.5  Remaining Life Assessment
	10.5.1 Overview
	10.5.1.1 A remaining life calculation is required for all components operating in the creep range.  The assessment procedures in paragraph 10.4 are limited to components that are not subject to significant cyclic operation and/or components that do not contain crack-like flaws.
	10.5.1.2 The assessment procedures described in this paragraph provide the best estimate of the structural integrity of a component operating at elevated temperature.  Five assessment procedures are provided.
	10.5.1.3 The recognized assessment procedures listed below may be used as an alternative to the procedures in paragraph 10.5.1.2.  Other assessment procedures may be used if the technology used adequately addresses the damage mechanism, a remaining life can be determined, and adequate documentation is provided that discloses all the assumptions used in the assessment.
	10.5.1.4 A sensitivity analysis, (see Part 2, paragraph 2.4.3.1) should be performed as part of the assessment regardless of the method chosen.

	10.5.2 Creep Rupture Life
	10.5.2.1 The following analysis procedure can be utilized to evaluate a component operating in the creep range using the results from a stress analysis.  The assessment is based on the stresses and strains at a point and through the wall thickness in the component, and the associated operating time and temperature.  If an inelastic analysis is used to evaluate the effects of creep, then a material model is required to compute the creep strains in the component as a function of stress, temperature, and accumulated creep strain, strain hardening model (see paragraph 10.3.5.3) or time hardening model.  If the computed stresses exceed the yield strength of the material at temperature, plasticity should also be included in the material model.
	10.5.2.2 The assessment procedure in this paragraph provides a systematic approach for evaluating the creep damage for each operating cycle that is applied to the component.  The total creep damage is computed as the sum of the creep damages calculated for each cycle.
	10.5.2.3 A procedure to determine the creep damage based upon the results of a stress analysis is shown below.  This procedure is based on computation of stresses at discrete times during the load history.  The stresses may be based on elastic analysis, or inelastic analysis considering the effects of creep relaxation.
	10.5.2.4 As an alternative to the procedure in paragraph 10.5.2.3, an inelastic analysis including the effects of creep may be performed based on the procedure shown below.  This procedure is defined in terms of integral equations as opposed to the discrete steps provided in the procedure of paragraph 10.5.2.3.  The integral equation procedure is more suitable for implementation into numerical software that provide user subroutine support for creep modeling.  
	10.5.2.5 Fired heater and boiler tubes may be evaluated as a special case of the procedure in paragraph 10.5.2.3 if the pressure is approximately constant and temperature is approximately uniform around the circumference of the tube during operation.

	10.5.3 Creep-Fatigue Interaction
	10.5.3.1 If there are significant cyclic operations during the operating period, then the effects of combined creep and fatigue damage shall be evaluated.  The combination of creep and fatigue damage may be evaluated using the following procedure.
	10.5.3.2 In lieu of the procedure given in paragraph 10.5.3.1, ASME Code Case 2605 may be used to evaluate creep-fatigue damage for components constructed from 2.25Cr-1Mo-V.

	10.5.4 Creep Crack Growth
	10.5.4.1 The following analysis procedure can be utilized to evaluate a component operating in the creep range with a crack-like flaw using the results from a stress analysis.  The assessment is based on the stresses and strains at a point and through the wall thickness in the component, and the associated operating time and temperature.  If an inelastic analysis is used to evaluate the effects of creep, then a material model is required to compute the creep strains in the component as a function of stress, temperature, and accumulated creep strain, strain hardening model (see paragraph 10.3.5.3) or time hardening model.  If the computed stresses exceed the yield strength of the material at temperature, plasticity should also be included in the material model.
	10.5.4.2 A procedure to determine creep crack growth based upon the results of a stress analysis is shown below.

	10.5.5 Creep Buckling
	10.5.5.1 The in-service margin for protection against collapse from buckling shall be satisfied to avoid buckling of components with a compressive stress field under applied design loads.
	10.5.5.2 The rules for external pressure and compressive stress design in Annex 2B may be used if the strain rate computed using Equation  based on the membrane stress for the most severe combination of applied loads that results in compressive stress and a value of 𝐷𝑐=0.25 satisfy Equation .  Note that satisfaction of this equation implies minimal creep at the imposed stress and temperature condition being evaluated.  Therefore, the time-independent rules for external pressure and compressive stress evaluation may be used directly.
	10.5.5.3 The following analysis method may be used to estimate the critical time for creep buckling in the creep range.  The cylindrical shell cannot contain a major structural discontinuity.  If the cylindrical shell contains a major structural discontinuity, then the critical time should be determined using a numerical analysis similar to that described in paragraph 10.5.5.1.  In addition, the stress at the applied load adjusted by the in-service margin should be less than 50% of the minimum specified yield strength at the assessment temperature.  If the stress is above this value, then primary creep may be a concern and the critical time for creep buckling may be underestimated.
	10.5.5.4 In lieu of the procedure in paragraph 10.5.5.3, the critical time for creep buckling may be estimated by using the allowable compressive stress rules in Annex 2D with a time-dependent tangent modulus evaluated using Annex 10B.  This assessment is considered to be a conservative estimate of the time for creep buckling because the compressive stress rules in Annex 2D account for imperfections.

	10.5.6 Creep-Fatigue Assessment of Ferritic-Austenitic Dissimilar Weld Joints
	10.5.6.1 The metallurgical characteristics of the damage observed in both service and laboratory test samples indicate that creep rupture is the dominant failure mode for Dissimilar Metal Welds (DMW).  However, it has also been observed that temperature cycling contributes significantly to damage and can cause failure even when primary stress levels are relatively low.  Therefore, a creep-fatigue assessment procedure is required as part of a remaining life calculation.  In the assessment of DMW, a creep-fatigue interaction equation is provided to evaluate damage caused by thermal mismatch, sustained primary stresses, and cyclic secondary loads.
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