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ON 
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AGENDA 

JULY 1, 1985 

IMPELL PRESENTATION: 

OVERVIEW OF LOAD GENERATION 

1. GENERATION OF ARTIFICIAL TIME HISTORIES FOR 
FREE FIELD MOTION.  

2. GENERATION OF REACTOR BUILDING FLOOR RESPONSE 
SPECTRA 

3. GENERATION OF TURBINE BUILDING FLOOR RESPONSE 
SPECTRA 

JULY 21 1985 

CALCULATION FILE REVIEW BY NRC



GENERATION OF ART IFICIAL TIME HISTORIES 

* SEE CALCULATION RB-01 FOR DETAILS 

CRITERIA 

S THREE TIME HISTORIES DEVELOPED FOR REEVALUATION OF 
SONGS-1 REACTOR BUILDING AND TURBINE BUILDING 

* DESIGN FREE FIELD SPECTRA ARE MODIFIED HOUSNER, 
0.676 HORIZONTAL, 0.446 VERTICAL 

* DURATION IS 20 SECONDS 

S DIRECTION 1 = NORTH-SOUTH 
DIRECTION 2 = EAST-WEST 
DIRECTION 3 = VERTICAL



METHODOLOGY 

I USE 3 COMPONENTS OF REAL EARTHQUAKE (EL CENTRO 
1940) AS THE 3 SEEDS.  

I USE FREQUENCY RAISING AND SUPPRESSING TECHNIQUE ON 
THE FOURIER TRANSFORMS OF THE TIME HISTORIES UNTIL 
A MATCH IS OBTAINED WITH THE FREE FIELD HOUSNER 
DESIGN SPECTRA.  

0 USE 75 FREQUENCY POINTS FOR RESPONSE SPECTRA 
GENERATION, 0.20 TO 33 HZ.  

0 COMPARE ENVELOP RESPONSE SPECTRA OF FINAL TIME 
HISTORIES WITH MODIFIED HOUSNER DESIGN SPECTRA.  
MEET S.R.P. 3.7.2 CRITERIA THAT NO MORE THAN 5 
POINTS FALL BELOW DESIGN SPECTRA BY NO MORE THAN 
10 PERCENT.  

* CALCULATE CORRELATION COEFFICIENTS BETWEEN TIME 
HISTORIES TO ENSURE STATISTICAL INDEPENDENCE.
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RESULTS 

I CROSS CORRELATIONS: P 

N-S TO E-W -0.06 

N-S TO VERTICAL 0.07 

E-W TO-VERTICAL 0.16



RESULTS (CONTINUED) 

I COMPARISON SPECTRA TO S.R.P. 3.7.2 CRITERIA 

TOTAL 
NUMBER OF AVERAGE 

EXCEEDENCES CONSERVATISM 

NORTH-SOUTH 
2% 4 10% 
4% 0 20% 
7% 6 NOTE 1 17% 

20% 1 25% 

EAST-WEST 
2% 5 8% 
4% 1 20% 
7% 6 NOTE 1 16% 

20% 6 NOTE 1 23% 
VERTICAL 

2% 10 NOTES 1,2,3 6% 
4% 1 16% 
7% 3 14% 

20% 4 NOTE 4 25% 

NOTE 1: LESS THAN 5 EXCEEDENCES OF MORE THAN -2.5% 

NOTE 2: ONE.EXCEEDENCE OF -11.5% AT 0.46 HZ. NO EFFECT ON 
RB. OR T.B.  

NOTE.3: NO R.B. OR T.B. HAVE STRUCTURAL MODES WITH DAMPING 
BELOW 4%. HENCE THE 2% INPUT SPECTRA EXCEEDENCE 
NOT RELEVANT TO ANY ANALYSES OF R.B. OR T.B.  

NOTE 4: ONE EXCEEDENCE OF -11.3% AT 0.23 HZ. NO EFFECT ON 
R.B. OR T.B.



I CONCLUSIONS 

* THREE MOTIONS ARE STATISTICALLY INDEPENDENT 

* MINOR VARIATION FROM S.R.P. 3.7.2 GUIDELINE 

* NO SIGNIFICANT EXCEEDENCES 

9 AVERAGE CONSERVATISM (0.2 To 33 Hz.) IN 

DAMPING RANGE OF INTEREST (4-20Z) is 14 To 26 
PERCENT 

* INPUT TIME HISTORIES ARE SUITABLE FOR LOAD 

GENERATION
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REACTOR BUILDING 

PURPOSE 

* TO GENERATE FLOOR RESPONSE SPECTRA IN THE 
REACTOR BUILDING 

0-00



METHODOLOGY 

1. BUILDING MODELS 

* USE SAME REACTOR BUILDING MODEL PREVIOUSLY 
CREATED BY BPC, USING BSAP PROGRAM 

* FROM R.B. FIXED BASE MODEL, GET MODE SHAPES, 
FREQUENCIES, COMPOSITE STRUCTURE MODAL 
DAMPING VALUES AND MASS MATRIX 

o DEVELOP ENCLOSURE BUILDING FIXED BASE MODEL, 
USING EDSGAP PROGRAM. MODEL IS SIMPLIFIED 
STICK 

* FROM E.B. FIXED BASE MODEL, GET MODE SHAPES, 
FREQUENCIES, COMPOSITE STRUCTURE MODAL 
DAMPING VALUES AND MASS MATRIX



STEEL SPHERE 
(EQUIVALENT SEAM) 

LOOP C COMPARTMENT 

OPERATING DECK 

REFUELING CANAL 

LOOP 5 COMPARTMENT ..  

LOOP A 
COMPARTMENT 

.4S 

\%v 

3".f 

SECONDARY SHIELD FOUNDATION NODE 

a. RIGIDLY LINKED TO THE 
BASE OF THE PRIMARY AND 
SECONDARY SHIELD WALLS 

FINITE ELEMENT MODEL OF REACTOR CONTAINMENT BUILDING AND CONTAINMENT SPHERE 

Ref. Figure 3.7.2-3 (SONGS-1 NRC DOCKET 50-206 Seismic 
Reevaluation and Modification, 
April 29, 1977



*INEELL 

REACTOR BUILDING SOIL PROPERTIES 

* SOIL PROPERTIES DEVELOPED BY WOODWARD CLYDE 

* SOIL PROPERTIES HAVE PREVIOUSLY BEEN PRESENTED 
TO NRC (BETHESDA, JUNE 10 & 11, 1985) 

* UNIFORM HALFSPACE SOIL MODULUS G = 1390 KSF 

e EFFECTIVE DBE SEISMIC STRAIN = 0.2 PERCENT 

e SOIL MATERIAL DAMPING AT 0.2 PERCENT STRAIN IS 
OVER 11 PERCENT. FOR CONSERVATISM, ONLY 8 PERCENT 
IS USED IN SSI ANALYSIS.



2.0 FOUNDATION-SOIL MODEL 

* DEVELOP A THREE-DIMENSIONAL FINITE ELEMENT 
MODEL OF THE REACTOR BUILDING AND ENCLOSURE 
BUILDING FOUNDATIONS AND SOIL USING SASSI 
PROGRAM.  

o BASEMAT RIGIDITY CONFIRMED BY SEPARATE 
AXISYMMETRIC REACTOR BUILDING FOUNDATION MODEL.  

* CALCULATE FOUNDATION-SOIL IMPEDANCES OF 
COMBINED REACTOR BUILDING, ENCLOSURE BUILDING 
AND SOIL SITE USING SASSI PROGRAM.  

* COMPONENTS OF IMPEDANCES GENERATED: 
HORIZONTAL; VERTICAL; ROCKING; TORSION: 
COUPLING BETWEEN HORIZONTAL AND ROCKING.  

* RESULTS OF FOUNDATION-SOIL MODEL: A 
TWELVE-BY-TWELVE FREQUENCY DEPENDENT MATRIX 
DEVELOPED FOR THE REACTOR BUILDING, THE 
ENCLOSURE BUILDING, AND THE R.B. - E.B.  
INTERACTIONS, FROM 0.5 TO 20 HZ.
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3. COUPLED ANALYSIS 

* THE CLASSI PROGRAM IS USED TO PERFORM THE 
TIME HISTORY ANALYSIS.  

* INPUT TO CLASSI IS: 

- FIXED BASE RESULTS FROM BSAP REACTOR 
BUILDING MODEL 

- FIXED BASE RESULTS FROM EDSGAP ENCLOSURE 
BUILDING MODEL 

- TWELVE-BY-TWELVE FREQUENCY DEPENDENT 
IMPEDANCE MATRIX OF FOUNDATION - SITE 
SYSTEM, FROM SASSI MODEL 

- THREE SIMULTANEOUS COMPONENTS OF EARTHQUAKE 

s OUTPUT FROM CLASSI IS: 

- TIME HISTORIES OF ACCELERATIONS AT ALL 
NODES WHERE FLOOR SPECTRA ARE DESIRED



REACTOR BUILDING 

NODES LOCATION 

1 OPERATING DECK, ELEV. 40.5 FEET 
82 OPERATING DECK, ELEV. 40.5 FEET 

102 OPERATING DECK, ELEv. 40.5 FEET 
202 OPERATING DECK, ELEV. 40.5 FEET 
345 OPERATING DECK + SECONDARY SHIELD WALL, 

ELEV. 42.0 FEET 

648 OPERATING DECK, ELEV. 42.0 FEET 
532 NORTH REFUELING CANAL, ELEV. 30.0 FEET 
536 EAST REFUELING CANAL, ELEV. 30.0 FEET 
714 STEAM GENERATOR COMPARTMENT 1B, ELEV. 66.5 FEET 
773 STEAM GENERATOR COMPARTMENT lA, ELEV. 64.5 FEET 
778 STEAM GENERATOR COMPARTMENT IC, ELEV. 64.5 FEET 
1001 TOP OF STEEL SPHERE 

1006 EQUIPMENT HATCH, ELEV. 47.0 FEET 

1048 CENTER OF GRAVITY OF FOUNDATION, ELEV. -0.25 FEET 

STRUCTURE FOUNDATION, ELEV. -10.0 FEET 

ENCLOSURE BUILDING 

1 TOP OF ENCLOSURE BUILDING, ELEV. 135.75 FEET 

4 MIDDLE OF ENCLOSURE BUILDING, ELEV. 75.0 FEET 

FOUNDATION, ELEV. 20.0 FEET



4. GENERATION OF FLOOR SPECTRA 

e RAW FLOOR RESPONSE SPECTRA ARE CALCULATED AT 
FIVE DAMPING VALUES (2%, 3%, 5%, 7%, 15%) 
FROM THE CLASSI OUTPUT TIME HISTORIES 

* RAW FLOOR RESPONSE SPECTRA ARE ENVELOPED FOR 
SEVERAL NODES, TO PRODUCE A SINGLE FLOOR 
SPECTRA. EXAMPLE: FOUR NODES ON THE 
OPERATING DECK 

@ ALL SPECTRA ARE BROADENED, ± 15 PERCENT TO 
ACCOUNT FOR UNCERTAINTIES IN THE ANALYSIS 

* FOR PIPING ANALYSIS PURPOSES USING PVRC 
FREQUENCY-DEPENDENT DAMPING, A SET OF PVRC 
SPECTRA ARE PRODUCED. (FROM 0 TO 10 HZ, 
DAMPING IS 5 PERCENT; FROM 10 TO 20 HZ, 
DAMPING RANGES FROM 5 TO 2 PERCENT; OVER 
20 HZ, DAMPING IS 2 PERCENT)
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REACTOR BUILDING 

DISCUSSION OF RESULTS 

0I



REACTOR BUILDING 

MARGINS REMAINING IN FLOOR RESPONSE SPECTRA 

* NO DECONVOLUTION TAKEN (40 TO 60 PERCENT REDUCTION) 

I FREE FIELD TIME HISTORIES HAVE EXCESS ENERGY 
(10 To 20 PERCENT REDUCTION) 

CONCLUSION 

I FLOOR SPECTRA HAVE AMPLE MARGIN
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TURBINE BUILDING 

PURPOSE 

e TO GENERATE FLOGR RESPONSE SPECTRA IN THE 

TURBINE BUILDING



METHODOLOGY 

1. BUILDING MODEL 

* USE SAME TURBINE BUILDING MODEL PREVIOUSLY 
CREATED BY BPC USING BSAP PROGRAM.  

* CONSIDER CASE OF IN-SITU SOIL.  

2. SOIL PROPERTIES 

* SOIL SPRINGS DEVELOPED BY WOODWARD CLYDE FOR 
EACH FOUNDATION, CONSIDERING IN-SITU SOIL 
PROPERTIES.  

a COMPOSITE SOIL-STRUCTURE MODAL DAMPING 
LIMITED TO 20 PERCENT.  

* SSI CONSIDERED BY LUMPED PARAMETER FREQUENCY 
INDEPENDENT METHOD.
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INMPELL 

METHODOLOGY (CONTINUED) 

3. SOIL STRUCTURE INTERACTION ANALYSIS 

* THE EDSGAP PROGRAM IS USED TO PERFORM THE TIME 
HISTORY SSI ANALYSIS.  

* INPUT TO EDSGAP IS: 

- TURBINE BUILDING BSAP MODEL (ON SOIL 

SPRINGS), INCLUDING: MODE SHAPES, 

FREQUENCIES, MASS PARTICIPATION FACTORS, 

MASS MATRIX.  

- THREE SIMULTANEOUS COMPONENTS OF EARTHQUAKE.  

* OUTPUT FROM EDSGAP IS: 

- TIME HISTORIES OF ACCELERATION AT ALL NODES 

WHERE FLOOR SPECTRA ARE DESIRED.



TURBINE BUILDING 

NODES ENVELOPED LOCATION 

29, 71, 86 AREA 6 DECK (WEST HEATER PLATFORM) 
ELEV. 35.5 FEET 

329, 371, 386 AREA 5 DECK (EAST HEATER PLATFORM) 
ELEV. 35.5 FEET 

580, 586, 610 AREA 2 DECK (NORTH EXTENSION) 
ELEV. 42.0 FEET 

620 AREA 2 MEZZANINE COLUMNS (NORTH EXT.) 
ELEV. 30.0 FEET.  

706, 732, 751 AREA 7 DECK (SOUTH EXTENSION) 
ELEV. 42.0 FEET 

951 AREA 4 DECK (TURBINE PEDESTAL) 
ELEV. 42.0 FEET 

1037, 1098 AREA 4 (TURBINE PEDESTAL) 
ELEV. 24.0 FEET
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METHODOLOGY (CONTINUED) 

4. GENERATION OF FLOOR RESPONSE SPECTRA 

* RAW FLOOR RESPONSE SPECTRA ARE CALCULATED AT 
FIVE DAMPING VALUES (2%, 3%, 5%, 7%, 15%) FROM 
THE EDSGAP OUTPUT TIME HISTORIES.  

* RAW FLOOR RESPONSE SPECTRA ARE CORRECTED TO ACCOUNT 
FOR DIFFERENCES BETWEEN THE FREE FIELD INPUT 
SPECTRA OF THE ARTIFICIAL TIME HISTORY MOTIONS 
AND THE MODIFIED HOUSNER DESIGN SPECTRA.  

* RAW CORRECTED FLOOR RESPONSE SPECTRA ARE ENVELOPED 

FOR SEVERAL NODES TO PRODUCE A SINGLE FLOOR 
SPECTRA. EXAMPLE: THREE NODES ON THE WEST HEATER 
PLATFORM.  

* ALL SPECTRA ARE BROADENED, ±15%, TO ACCOUNT FOR 
UNCERTAINTIES IN THE ANALYSIS.  

* FOR PIPING ANALYSIS PURPOSES USING PVRC FREQUENCY
DEPENDENT DAMPING, A SET OF PVRC SPECTRA ARE 

PRODUCED. (FROM 0 TO 10 HZ, DAMPING IS 5 PERCENT; 
FROM 10 TO 20 HZ, DAMPING RANGES FROM 5 TO 2 
PERCENT: OVER 20 HZ, DAMPING IS 2 PERCENT.)
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METHODOLOGY (CONTINUED) 

5. CORRECTION FACTORS 

* AS PREVIOUSLY DISCUSSED, THE FREE FIELD 
ARTIFICIAL TIME HISTORIES PRODUCE ENVELOP RESPONSE 
SPECTRA WHICH ARE NOT PERFECT MATCHES WITH THE 
MODIFIED HOUSNER DESIGN RESPONSE SPECTRA.  

* ON AVERAGE, FROM 0.2 HZ TO 33 HZ, THE ENVELOP 
RESPONSE SPECTRA EXCEED THE DESIGN SPECTRA BY: 

CONSERVATISM 
DAMPING LEVEL (= (ENVELOP-DESIGN)/(DESIGN) ) 

2% 6% - 10% 

4% 16% - 20% 

7% 14% - 17% 

20% 23% - 26% 

e A SIMPLE CORRECTION FACTOR BASED SOLELY ON THE 
ABOVE CONSERVATISMS OVER SIMPLIFIES THE EFFECTS, 
AS THE CONSERVATISM IS NOT CONSTANT OVER THE 
0.2 HZ TO 33 HZ RANGE.



METHODOLOGY (CONTINUED) 

5. CORRECTION FACTORS (CONTINUED) 

* AN ACCURATE CORRECTION FACTOR IS CALCULATED FOR 
EACH NODE IN THE TURBINE BUILDING WHERE FLOOR 
SPECTRA ARE CALCULATED. THE CORRECTION FACTOR 
VARIES FOR EACH FLOOR SPECTRA DAMPING VALUE (2%# 
3%, 5%, 7%, 15%), AND FOR EACH OF EIGHTY CALCULATION 
FREQUENCIES FOR THE SPECTRA.  

* THE DIRECT GENERATION METHODOLOGY IS USED TO 
CALCULATE THESE CORRECTION FACTORS.  

DIRECT GENERATION METHODOLOGY FOR CORRECTION FACTORS 

* METHOD USED IS BASED ON FLORA.  

* SUMMARY OF METHOD: 

- USE DIRECT GENERATION METHOD TO CALCULATE 
FLOOR RESPONSE SPECTRA AT ALL DESIRED NODES, 
AT ALL DESIRED DAMPING VALUES.  

- CALCULATE THESE SPECTRA TWICE.  

CASE 1: INPUT SPECTRA = ENVELOP (FROM 

ARTIFICIAL TIME HISTORIES) 

CASE 2: INPUT SPECTRA = DESIGN (MODIFIED 
HOUSNER)



METHODOLOGY (CONTINUED) 

5. CORRECTION FACTORS (CONTINUED) 

CORRECTION FACTOR = Rn (W) = Sd e 

Rn = CORRECTION FACTOR AT NODE n, FREQUENCY w, 

DAMING C 

Sd = DIRECT GENERATION FLOOR SPECTRA ORDINATE, 
USING DESIGN INPUT SPECTRA, AT NODE n, 

- FREQUENCY W, DAMPING t 

S= DIRECT GENERATION FLOOR SPECTRA ORDINATE, 
USING ENVELOP INPUT SPECTA, AT NODE n, 

FREQUENCY w, DAMPING t 

e FINAL SPECTRA = Sf (w,) = Rn (",t) * Sth (w"() 

Sf = FINAL SPECTRA 

Sth= TIME HISTORY FLOOR SPECTRA ORDINATE, USING 
ARTIFICIAL TIME HISTORY MOTIONS, AT NODE n.  

FREQUENCY w, DAMPING C



ACCL., G 
ENVELOP 

0. 67 G 
DESIGN 

1 33 freq. hz 

1. RUN TIME HISTORY ANALYSIS OF TURBINE BUILDING WITH EDSGAP: USE ARTIFICIAL 

TIME HISTORIES 

2. DEVELOP FLOOR SPECTRA FROM TIME HISTORIES 

3. RUN DIRECT GENERATION ANALYSIS OF TURBINE BUILDING WITH FLORA 

METHODOLOGY: RUN THIS TWICE, USING ENVELOP AND DESIGN INPUT SPECTRA 

4. RESULTS: 

ACCL., G FLOOR SPECTRA AT 2% DAMPING, BY TIME HISTORY METHOD 

d USING ARTIFICIAL TIME HISTORIES (S 

1 33 freq. hz 

ACCL., G FLOOR SPECTRA AT 2% DAMPING, BY DIRECT GENERAT 

/ USING ENVELOP SPECTRA (S ) 

-- FLOOR SPECTRA AT 2% DAMPING, BY DIRECT GENERATI 
DESIGN SPECTRA (S 

1 33 freq. hz 

R = CORRECTION FACTOR = RATIO BETWEEN TWO DIRECT GENERATION SPECTR 

5. FINAL SPECTRA = S = R * Sth
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I*PELL 

TURBINE BUILDING 

* DISCUSSION OF RESULTS



TURBINE BUILDING 

* DEVELOPMENT OF FLOOR SPECTRA, THROUGH TIME 
HISTORIES: THIS IS TRADITIONAL SEISMIC ANALYSIS 
OF AN ESSENTIALLY SINGLE FLOOR BUILDING, ON SOIL 
SPRINGS. THE ONLY DIFFERENCE WITH PREVIOUS BPC 
ANALYSIS IS THAT THREE EARTHQUAKE MOTIONS ARE 
APPLIED SIMULTANEOUSLY.  

* DEVELOPMENT OF CORRECTION FACTORS: DIRECT 
GENERATION METHODOLOGY WAS APPROVED BY NRC FOR 
THIS PROJECT. IMPELL HAS APPLIED IT TWICE, 
AND THEN TOOK THE RATIOS OF THE SPECTRA. THE 
RATIOS THEN ARE MULTIPLIED BY THE SPECTRA 
DEVELOPED BY TRADITIONAL TIME HISTORY METHOD TO 
PRODUCE THE FINAL SPECTRA.  

THEREFORE, THE RATIOING OF THE DIRECT GENERATION 
RESULTS ELIMINATES ANY UNCERTAINTY INTRODUCED 
BY THE DIRECT GENERATION METHOD.  

THEREFORE, THE FINAL FLOOR SPECTRA ARE ACCURATE,



TURBINE BUILDING 

MARGINS REMAINING IN FLOOR RESPONSE SPECTRA 

* SOIL DAMPING (MATERIAL PLUS RADIATION) LIMITED TO 
20 PERCENT (10 TO 20 PERCENT REDUCTION).  

* NODES ENVELOPED TO PRODUCE DESIGN SPECTRA (5 TO 30 
PERCENT REDUCTION IN SOME FREQUENCY RANGES).  

CONCLUSION 

* FLOOR SPECTRA HAVE AMPLE MARGIN.



SAN ONOFRE NUCLEAR GENERATING STATION LNIT 1 

LONG TERM SEISMIC REEVALUATION PROGRAM 

CALCULATION OF PIPING STRAINS 
FROM LINEAR, ELASTICALLY - CALCULATED STRESSES



C(NTENTS 

* STRAIN LIMITS 

S PIPING ANALYSIS PROCEDURE 

S DEVELOPMENT OF STRAIN CALCULATIt MEHOOLOGY 

0 SUMMARY



STRAIN LIMITS 

CARBON STEEL 

0.01 (1%) 

STAINLESS STEEL 

' 0.02 (2%) 

CONSII)ERATIONS FOR EXCEEDING STAINLESS STEEL 1% 

STRAIN LIMITS 

- FATIGUE EVALUATION 

- COMPRESSIVE STRAIN LIMITS 

(NUREG 1061 VOL. 2) 

4 0.2 (T/R)



PIPING ANALYSIS PROCEDUR 

PERFORM LINEAR 
ELASTIC ANALYSIS 

(GRAVITY, PRESSURE, SEISMIC) 

4T 
SEP LIMITS? YES 

NO 

CALCULATE PIPING 
STRAINS 

STRA YES 

NO 

RESUPPORT PIPING 
PIPING QUALIFIED



DEVELOPlPENJT OF STRAIN CALCULATION NETHODOLOGY 

I PURPOSE 

DEVELOP A PROCEDURE TO CALCULATE PIPING 

STRAINS FROM LINEAR ELASTICALLY - CALCULATED 

PIPING STRESSES



ELASTIC STRAIN VS. ACTUAL STRAIN 

STRESS 

rELASTIC 

6CTUAL 

STRAI



STRAIN CONCENTRATION EFFECTS 

I TESTS ON NOTCHED SPECIMENS 

M M (CYCLE) 

I ACTUAL STRAINS MEASURED AT NOTCH REGION 

I ELASTIC STRAINS CALCULATED BASED ON STRESS 
ANALYSIS USING THEORETICAL STRESS CONCENTRATION 
FACTORS



STRAIN CONCENTRATION EFFECT ACTUAL ) 

ACTUAL STRAIN 

ELEASTICALLY-CALCULATED STRAIN 

Ks,.  

.MAXIMUM 
RATIO = 1/M 

1.o ELASTICALLY-CALCULATED STRESS 

YIELD STRESS 

I BASED ON TESTS OF NOTCHED MEMBERS 

I DEVELOPED FOR USE WHEN STRESSES EXCEED ELASTIC LIMIT 

I MAXIMUM RATIO IS 1/M WHERE M IS STRAIN HARDENING EXPONENT 
OF MATERIAL.



STRAIN CONCEfTRATION EFFECT (AAMLYTICAL) 

KS 

r 

I. CLLTt ____~ f.  

WHERE: (= STRAIN HARDENING EXPONENT 

.wt= SLOPE OF CURVE BETWEEN KS (ELASTIC) AND 

KS (XIM14) 

KS= RATIO OF ACTUAL STRAIN TO ELASTIC STRAIN



STRAIN CNCENTRATION EFFECTS ( EPERIMNFAL 

a1m 
a a 

La a 

I 
I 

C.-d Z.0 1 

N 1 
ELSTCLL ALUATDSTES YEL TRS



STRAIN CONCETRATION FACTOR 

Ks = 1.0 WHEN G E SY 

K= 1, 0 + - 1 EN 

KS= 14vf WHEN TSy E 

WHERE CE= ELASTICALLY-CALCULATED STRESS 

K = RATIO OF ACTUAL STRAIN TO ELASTIC 
STRAIN



MATERIAL PROPERTIES 

MATERIAL /U 

CARBON STEEL 0.2 3.0 

STAINLESS STEEL- 0.3 1.7



STRAIN CALCULATION 

S ELASTIC STRAIN 

= E 

* PRIMARY STRAIN 

tKse



SUMMARY 

I STRAIN LIMITS 

f 1% FOR CARBON STEEL 

! 2% FOR STAINLESS STEEL 

I STRAIN CALCULATION 

TOTAL =Ks /E 

WHERE 

Ks = STRAIN CONCENTRATION FACTOR 

6- = PD/4t + 0.75 A. (M/z) 

E = YOUNG'S MODULUS



Plastic Fatigue Analysis of Pressure Components 
. S. W. TAGART, JR.  

1 N7RCDUCTION 

Plastic fatigue analysis prediction has been The recognition of these limitations brouE
:rhe subject of intensive study since the fundamen- atout a seemingly new requiremer.t i: Af.-E III 

.al materials work (1,2) began in the early which had not appeared in TSDE. Tho new reauire

:o1Is . Upon publication of the "Tentative Struc- ment was the so-called primary plus secondary 

tural Design Easis (TSDB) for Reactor Pressure stress range or 'S requirement. The basis for 

Vessels and Directly Associated Components" in this requirement was the concept that at a stress 

1958, this early materials work resulted in a rarge of 2 times the yield point (.S2o 

widespread arplication in the nuclear industry. together with limitations on primary stresses 

-.e TSD2 rublication made use of a small, pol- :hich insure elastic action under primar

ished and unnetched, reversed loading, low cycle stresses alone, a favorable distribution of resid

fatigue soecimer to establish acceptable levels o:' u l stresses will develop after a few cycleL of 

c-Yclic leading far into the plastic material be- loading so that the total primary plus secondary 

oavier region. The methods of elastic stress an- strain rangesand amplitudes of cyclic loadinE can 

al:sis were required to relate the fatigue behav- be accurately predicted from methods of elastic 

2c or actual cressure comoonents with that of the analysis.  

sm.al polished specimens. Although the ASA %d tha the basic material behave 

-311.1-195 power piping code also contained rules through a stress range of two times the yield 

':r cyclic design well into the plastic material oint. The croof of this concept is demonstrated 

-Eion, this piping code was based upon direct the fundamental shakedown theorem of ulas

fatigue tests (3) of power piping components under ticity which in essence states that if the struc

simulated service loading rather than on a labora- Sure can shake down, then it will shake down after 

:cry type materials fatigue specimen. Although a few cycles of loading. It is assumed that the 

-he arrcach used in the ASA E31.1 code generally effective stress range of the actual comoonent is 

involves relatively simple design rules, it lacks compared to the effective stress range of the uni

the desired versatility to handle cther forms of axial specimen.  

fatigue loading not actually tested on the simu- In practice, the application of this shake

laced components such as pressure pulsations or down principle used in AS7E III and USAS E31.7 

local thermal strains in combination with the runs into a complication. Whenever a stress con

riping expansion effects. The TSDB in using the centration occurs so that a nonli- ear (other tha.  

low cycle fatigue small specimen as a basis re- simple uniform or linear) stress distributic; 

cuired the extensive use of theoretical and ex- through the thickness of the pressure retaining 

zerimental elastic stress analysis in order to component occurs; ASME III and F71.- have made the 

compare the effective strains in the pressure com- inference that the so-labeled peak strains will 

ronent with the strains causing fatigue in the also be properly predicted from purely elastic 

small soecimen. The strains from the elastic an- calculated values even when the range of peak 

alysis were expected to be reasonable approxima- stress is greater than Sm. This inference is an 

icns to the actual strains even though the elas- oversimplification which is not strictly accurate.  

ic calculated stresses were fictitious. The 1963 The fatigue life (to vessel or piping leakage) 

:E Section III Code for nuclear pressure vessels using the code design fatigue curves may be con

as a refinerent and extensicn of the TSDE docu- servatively predicted using elastically evaluated 

en: in t:hic. it was clearly recognized that the strains, but the elastic evaluated strairs are not 

-- hd: of th.ecretical and exrerimental elastic necessarily as large as the actual plastic peak 

rs analsis had limitations in the accurate strains. As plastic action begins in the peak re

c srains which are to be comrared Cicns the strain concentration goes above the 

It.: cycle fatigue srecir7en. elastic value even thouh h nominal stre s are 

within the shakedown limit . Sever-al aralyse.c sri 

nderlined numbers in p nthesesave proven tis quite cncluively 

='erencTh recogitioend of the rarer. USAS l a(at as III) does 
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DISCONTINUITY 
RE EGION NZL 

Fig.1 Typical discontinuity Fig.2 Free thermal distortions 

not require the evaluation of this possible peak ear radial thermal gradients which should be con

plastic strain concentration when the 3Sm limit sidered in the 3  stress category. Because of 

met because it is believed that the crack growth this different treatment of radial temperature 

stage of the fatigue life offsets the plastic gradients and because of general piping expansion 

strain concentration effect. However, it is im- stresses which must be accounted for in piping 

portant to recognize that when exceeding 
35m the the practical problems of designing a piping system 

plastic strain concentration may get very high and to everywhere meet a 
35m limit is more difficult 

should be accounted for. and restrictive than it is for pressure vessel 

Although the fatigue design rules in ASME components. ASME III does acknowledge that 3Sm is 

III and USAS B31.7 are quite similar in most re- -not a mandatory limit in N-417.5 (b) (2) and USS 

there is one area where they apparently B31.7 has included a simplified (and what is be 

concerning the treatment of thermal gradi- lieved to be a very conservative) method to demon

ihrough the thickness of the pressure retain- strate the effect on the fatigue life due to ex

ing member. In ASME III N-412 (m) (2).and Table ceeding the 
3S limit.  

1-1itishwthttemlgadients through In summary. it should be recognized that 
N-413 it is shown that thermal gradet hog 

plate or shell thickness are not to be considered elastically calculated strains become progressive

in the 3Sm stress comparison. In B31.7 the linear e for both gross and local type 

component of thermal gradient through a plate or d 

shell thickness is required to be considered in comes exceeded. The next portion of this paper 

the 3Sm stress comparison. This was done in B31.7 ibes the rules and reasoning behind the sin

because the linear temperature gradient or some- plified elastic-plastic analysis of USAS B31.7.  

times called "moment generating" gradient can pro

duce structural distortion at a pressure shell SIMPLIIED ELASTIC-PLASTIC ANALYSIS OF B31.7 

discontinuity.  
For example (Fgl h sa aeo ieWhen considering the effects associated with 

Forexaple(Fig.1) the usual case of a pipe 

to nozzle discontinuity where radial thermal grad- exceeding the 3Sm limit, the following factors are 

ients exist produces such a tase. If the nozzle important: (1) the effect on the peak plastic 

in Fig.1 is cut along the discontinuity the exag- strain calculations, (2) the effect of the plastic 

gerated distortions would occur as shown in Fig.2 redistribution of nominal strains (3) the possible 

which illustrates the free thermal distortions. effects of ratcheting and (4) the effects on crack 

Such free thermal distortions generally -produce growth following crack initiation. The first 

shea focesandmomntsactng cross the discon- three factors generally have the effect o e 
shear forces and moments acting acrs the dison 

tinuity. In the spca ae hr h oze ducinE the actual fatigue life below what would be 
tinity Inthespecial case, Vthere the nozzle 

Was of the same thickness as the pipe and of the obtained in simply ignoring 3Sm and calculating 

same material, the shear would be zero and the mo- the fatigue life on a purely elastic basis fol

ments would produce exactly opposing deformations lowing the usual TSDB Drocedure. This means that 

in the two parts and there would be no deformation as one goes higher and higher above 
3Sm the elas

1.by the radial thermal gradients, but in tic evaluated fatigue life becomes progressively 

than this case (involving no discontinuity) less reliable and that appr.opriate corrections 

*tere may be deformations associated with the lin- should be made. The fourth factor is not specif
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ically deal: with in AS1E III or Ir3l.7 other tnan 

ir. the r;es given for the maximum overall fatigue 

:-.,duction factor of 5 in its relation to 

c*ac r and component leakage. It is not 

-lear precisely what the fourth factor by itself 

il ; for example, should the 5 factor be 

raised as one goes beyond the 3 3m limit when using 

tra-ic low cycle fatigue curve of B31.7 or ASME 

III? Since the ASME III fatigue curve is not a SECTION 

;ood measure of the crack growth process, this 

questior. is postponed until a later discussion of 

possible improved methods of low cycle fatigue an

alysis. For the present discussion, tne subject 

of crack growth will be completely ignored because 

the B31.7 simplified elastic-plastic method disre

gards the beneficial effect of the crack growth 

stage with mild notches (theoretical stress concen

trations <3). The reason that the crack growth 

stage has been ignored is because a complete and 

reliable procedure to account for it has not been Fig.3 Krempl tension compression notched cylinder 

available. Therefore, if assurance can be obtained specimen 

that all imortant factors have been properly eval

uated, it seems logical that future code revisions 

should exrloit this area of apparent conservatism. crack initiation occurs toward the end of total 

fatigue life or about 80 to 90 percent of the 

EFFECTS OF PLASTIC STRAIN CONCENTRATION cycles to completely fail the specimen. In the 

- notched tests crack initiation may occur very 

Several approximate methods (5, ,8.0) have early in the total fatigue life and in one case of . been proposed (Stowell, Hardrath and Ohman, Crews, the carbon steel at the very high strain range it 

Zwicky, Eaydl)-to analytically calculate the ef- occurred in less than 10 percent of the total 

fect of plastic strain concentration by use of ac- fatigue life. Most of the data for crack initia

tual or ideal stress-strain curves. There is no tion in Krempl's notched tests occurred in the re

question that such methods may be extremely useful gion of 20 to 40 percent of the total fatigue life.  

after sufficient evaluation and experimental veri- Krempl's use of such a very small crack as the 

fication, however, the emphasis for the present point of crack initiation makes his data difficult 

analysis is or. the fatigue strain concentration to directly compare with other data where a dif

effect under possible fully plastic sections where ferent definition of crack initiation was used.  

little analysis attention has been focused to date. It seems highly desirable to establish some stand

Therefore, advantage was taken of direct evalua- ard for crack initiation so that all investigators' 

tion of such effects measured by Krempl (6,10) as work could be properly compared. It would appear 

they relate to what might be termed "engineering that a crack size somewhat larger than the one 

crack initiation" on three specific types of nu- used by Krempl would be desirable for such stand

clear piping materials. This approach has the ad- ardized testing.  

vantage of avoiding the necessity of making numer- Krempl made experimental studies of the ef

ous questionable assumptions such as choosing fects of temperature on his crack initiation re

proper stress-strain curves which chould be an- sults. Of the three types of materials tested, 

plied to any cyclic plastic analysis. The basic only the 304 stainless steel showed a significant 

experiments are described in reference (10) where reduction in notched fatigue life at elevated tem

both notched and unnotched fatigue testing has peratures such as 500 F to 600 F. This suggests 

been conducted and where careful observation has that some caution should be exercised in inter

identified the point of crack initiation. Crack pretinE notched room temperature low cycle fatigue 

ini:ton has been defined here as a surface crack tests stainless steel. Kremrl's notched 

Zf apnr:xinately 0.010-in. length. It has not tests which were used for the F31.7 fatigue rules 

been rossitle to measure the depth of these cracks consist of a fully reversed loading notched cylin 

:o date, however; it may be estimated that they der with a cyclic nominal uniform average streSS 

are approximately 0.003-in. deep at crack initia- across the minimum section. The specimen is show" 

:ion. In the unnotched specimens, the point of in Fig.3.  
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Although the E31.7 rules are intended to be crack initiation and crack growth. 
Many variables 

used c'. nominal bending stress 
fields, the bending can change the cycles required to grow 

a small 

usedon nminl bedin strss ield, ecrack to specimen failure, however, at present, 

notched fatigue test in the very low cycle region rack t i en ilie, hoe astly depend

is less simple to interpret than the tension-com- crack initiation is believed to be moin de 

pression test. Some work has been done in such ent on the effective peak strain range in the 

notched bending tests where one side of the speci- notch. At any rate, if results from notched fa

men is strain gaged and the opposite side has a tigue testing on uniform stress fields is used as 

small notch. (Usually, however, these tests have the basis for present code rules, and, then if 

not used the same definition of crack initiation later is found an effect c, crack initiation due 

their results are not directly comparable to to nominal stress gradient the present B1. code 

empls.) It has been believed in the past that rules would be expected to be conservative rela

if a-notch is placed in a high gradient nominal tve to this effect. Kremplis notched tests re

bending stress field, the fatigue life will be ir- quire only one dependant variable to be measured, 

proved over what it would be in a uniform stress 
the nominal cyclic load range, correspcnding to a 

field if the maximum nominal stresses are the same given number of cycles to produce crack initiation.  

in both tests. This belief is obviously correct The basis for the B317 rules utilizes only the 

if failure is defined by specimen failure, and if fully reversed loading tests with zero mean stress.  

as the crack progresses, the nominal stresses Fatigue tests were performed o notched and un

across the section reduce due to changes in speci- notched specimens with the same surface finish.  

men compliance. In fact, very different results The force range during the displacement controlled 

will be obtained depending upon whether the applied notched and unnothed tests was recorded at sever

moment is deflection controlled or load controlled al intervals throughout the test in order to es

where specimen failure is the definition of fa- tablish the iasymptotic" or "shakedown" value of 

tigue failure. However, if crack initiation is force range which persisted during most of the 

delineated as failure, then the same reasoning 
cycles to crack. Cenerally, the force range varied 

concerning the effect of nominal stress gradient no more than 5 percent during 90 percent of the 

may not be true. In fact, some have suggested cycles to crack. A smooth curve was fitted to the 

that crack initiation depends only on the plastic 
unnotched fatigue data in which the abscissa is 

peak strains in the notch region regardless 
of the log cf cycles to failure and the ordinate is log 

type of nominal stress field. This suggests that of strain range for each specimen (Fgs.4,5
6 ).  

sharply notched specimens may have little 
or no An average smooth curve was drawn through the data 

crack initiation stage which seems to be borne out dllustrating the asymptotic stress range (load 

in careful fractographic examinations of fillet range divided by minim section area) of the 

weld fatigue failures. The variety of interpreta- notched tests and are shown in Figs.7
8 ,9. In 

tions of notched low cycle fatigue tests that has order to convert the measured nominal stress 

caused confusion in the past can in part be at- ranges of the notched tests to an equivalent nom

f- W tributed to the failure to distinguish between inal strain range which could be properly compared 
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:.7Carbon steel show the direct comparison with ASME III type fa

tigue curves which are also plotted this way. The 

fatigue strength reduction factor Kf for each of 

tstrain range of the unnotched tests, use these notched tests car. be read from Figs.4,5. and 

,:as made of the so-called cyclic-stress strain 6 as the ratio of the unnotched and notched curves 

2urve obtained from the unnotched tests. The data at each specific value of cycles to failure. This 

for these curves is shown in Figs.10,11 and 12, corresponds to the following definition for ti-e 

together with the type of fit suggested by Manson fatigue strength reduction factor 

(ll) which is used to smooth the data. Instead of 

using the endurance limit range as suggested by 
* anson, the value of 3Sm for each material was 

used as the deviation from purely elastic behavior 

because this coincides with the procedures assumed 

n ASE III and B31.7. The nominal stress of the where 6 is the strain range causing a crack in 

r:cned tests was entered on the ordinate of Figs. Pic cycles of the unnotched test. 6Sn is the con

S 1211, and 12 and the corresponding strain was verted equivalent nom~nal strain range (at the 

-ese on the atscissa. These nominal converted minimum section) causing a crack in N0 cycles of 

* zrains of the no: ched tests could then be plotted the notched test.  

:=....ane coordinates as those for the un- In order to relate this specific data taken 

r~o::.ed tests :f Fire.k.5, and 6. Note that the for only one value of the theoretical stress con

:-inate iS plotted as fictitious stress range centration in these notched tests, to that for 

* :: s si.*rlYoung's modulus times the appro- other notches, the following linear relationship 

igu-e crswcaedhis was done timslw to was proposed 
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Fig.10 Carbon steel stress strain diagram Fig.11J 21/14Cr-lMo stress strain diagram 

K =K + A (K-1) (2) A= (4) 

£ t t .K 
1J 

t 

where A is a function of the nominal applied stress 

or strain at the minimum section and Kt is the Since we are concerned with proper A values to be 

theoretical stress concentration for the notch. applied to a notched pressure component, the A 

There is a strong similarity of the "A" factor to values from equation (4) cam be plotted as a fumc

the usual notch sensitivity factor q used in high tion of the fictitious elastic calculated nominal 

cycle fatigue defined by stress range by using Nc as a parameter. Thus, 

for a given NC there is a value of EEn (nominal 

K * 1 + q (K-)(3) fictitious stress range) and a value of A which is 

used in the B31.7 code. These values for the A 

and actually the exact form of defining the A fac- factor have been plotted for the three materials 

tor is quite arbitrary because as long as the Kf tested and are shown on Figs.13,
14 and 15. It can 

is assumed to be a linear function.of Kt the inter- be seen that the fatigue strength reduction fac

polation of tests results to different Kt values tors defined in this way for the carbon steel and 

will produce identical results. The accuracy of 21/4 Cr-l Mo steel increases with increasing mom

relating the results from fairly sharp notches inal stress range beyond the 3S. value. Also it 

Kt = 3.3 to more mild notches Kt = 1.5 in such a is seen that even below 3Sm the Kf value is larger 

manner can be determined by further testing at the than the usual stress concentration factor as 

different notch values of interest. The possible would be expected, because we are defining crack 

inaccuracy in this assumption used in the B31.7 initiation here as the failure point. Notice the 

code rules can be improved if necessary. The different behavior of the 304 stainless steel ma-.  

usual Kt values in piping are in the region of 1.5 terial which has a different type stress strain 

to 2.0 so that the proposed relationship does not curve than the carbon steels. Since the 304 mate

require an extrapolation but only an interpolation. rial deviates from purely elastic behavior at a 

* With the proposed relationship it can be lower stress value relative to code allowable 

that the A factor will be determined from stress values than the other materials, we see 

215



1uII__ _ _ 

I&. I 
120(P-i IIE SM 9 11) 

E- 27~,- ICt PSI 0 C-.I M_ STEEL FATIGUE 

STRE4M044 REDUC TION FACTCR 

00 -R C C. ITIATION 

304 STAINLESS S EL 

A ITRESS STPAINI DIA"0 CURRENT 831.7 REAAEMED 

6 CURVE FROM REMP TESTS 

Sit DATA FROM GEAR 5082 

TAML 6-1 

60V 

L o 6 PSI 20 50 

20 Pig.l 14 21 4Cr-lMo steel fatigue strength reductior

I factor for crack initiation 

PERCEEIT STFAI4 RANGE 

Fig.12  304 stainless steel stress strain diagram 
2C 

SAAESS STEE AiATIIU[ TTRErT 

RE)CTO C rACTOR FO FM4 14tal taT TO 

Li4STEEL FA I", IGUI ."'~P R" Il K.1 I 

10 CCURRNT 11.7 P8C NO U 

A 

Ao )o)20 30 40 

Fig.13 Carbon steel fatigue strength reduction 

factor for crack initiation 

* that the plastic effects of the notch are empha- tesm yeo aiu au o h te w 

sized at a lower value of nominal stress. However,maeilbuevdnyhgeroialsess 

because of the cyclic strain hardening character-. arreuedtracthsmxm. Bcuete 

istics of the 304 material, the maximum value of eatsaeo h au uvsi arysni 

the A curve does not reach as high a value, and in tv otesotigwihwsdn faldt 
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Fig.1 6  One dimensional elastic-plastic example Fig.17 Elastic-plastic correction factor for 

example in Fig.16 

be further refined. However, it should be recog

nized that these test results are not extensive 

enough to more than demonstrate crudely the types wa: desirable to develop a simple correction fac

of corrections on Kf which are needed when one has tcr, say KE , greater than unity that can be ap

nominal plastic stress ranges beyond 3Sn. In the plied to a purely elastic analysis to account for 

case of 304 stainless steel, since the material is an unfavorable redistribution of nominal plastic 

not very notch sensitive and since the exact curve strains. That such a correction is needed is il

is probably the least accurate due to the sharp lustrated by reference to Fig.2. If one calculates 

peak in the curve as well as unaccounted for tem- on a purely elastic basis the forces required to 

perature effects previously mentioned a horizontal fit the distorted pieces together, and if the thin 

line was drawn for the A factor over the peak weaker section on the left begins to get into the 

value obtained from this data. This arbitrary plastic region, one will calculate an artificially 

rvatism is included in the current A values high force resultant in the weak member. This in 

he first draft publication of the USAS B31.T turn will produce more deflection in the right 

stronger member of the discontin~uity than it would 

actually have to carry. Thus, instead of the two 

PLASTtC REDISTRIBUTION OF NOMINAL STRAIN members across the discontinuity sharing the ther

mal distortions as they would elastically, the 

It is desirable to permit the use of elastic weaker yielding member will be forced to carry a 

methods of analysis in pressure component design larger fraction of the discontinuity displacements 

even when gross plasticity is present because one than would be found on the elastic basis. Thus, 

can superimpose linearly stresses from all types the plastic strain will have a tendency to concen

of loading and because methods of elastic analysis trate in the right member, this tendency increasing 

have become fairly highly developed. In additiin, as the thermal loading increases. This situation 

general methods of plastic or elastic plastic an- clearly depends upon the relative flexibility of 

alysis applied to even simple shells must be con- the right and left halves of the discontinuity.  

sidered only in a very infant stage of application. If the weak right member is very much more flexi

Manson et al have shown that strain results from ble than the left member elastically, then the 

detailed elastic plastic analysis is often reason- strain concentration would not be so great because 

ably approximated from elastic strain analysis the weaker member would be carrying most of the 

especially if the major source of the strains is 
total discontinuity displacements both elastically 

through thermal or other secondary loading. The and plastically.  

B31.7 code has adopted this use of the strains ob- A simple example will illustrate the nature 

tained from an elastic analysis as an elementary of the K& factor which should generally be imposed.  

Step in the simplified elastic-plastic analysis. Suppose we consider a bar composed of two parts 

This plastic procedure is often called the method upon which we will impose a displacement as shown 

of "elastic strain invariance." It is recognized in Fig.1
6 . Assume further that part 1 is composed 

that this could often involve nonconservative type of a material which is elastic-perfectly plastic 

errors. Manson (11) has shown that the error gets while part 2 is a stronger material which remains 

ressively larger as loading extends further elastic in this discussion. The displacement at 

the plastic domain. With this in mind, it which the combination remains elastic is 217 
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a AL-61 Fig.18 AS1.1 III and E31.7 primary ztreaos limits c " m + e 

1P E 
- E 1Eard to geome~ries at the same time, t~e approach 

the Ke factor which must be an-problem which contain a nr ble , t e K fa tor whi h mu t b ap th ma or ngr dients of the more difficult situa-lied oc the elastic solution to produce correct 
lastic strains in the weaker member is the ratio Tns a 1 t r o i 1 

1ases are used Wich are quite sitmilar to the I /C Icases 
used in arriving at the rules for primary stress limits of E31.7 and ASME III. To review 

the cases in their original context for primary K t2 + 1 L 
stress limits, wip-8 ':as reproduced from refer
ence (12).  

The collarse curve was obtained by plottin..  'euate oS/s where 3S is-the me collapse load of a rectangular section under Ci of astic tehavior and S is the nominal combnedbening nd ensle rimary load stress.  elastic calculated stress range, we can then plot he design limi 
"e Kr factr relevant to this particular problem provide what was judged to be an adequate safety W as sn~nin 7igE.27. 

margin, although a closer examination of Fig.lE can; lead to questions. For example, the minimum, .-ere we see that when 2 (where the 
;:eaker metter is more flexible than the strong 
-.ember) the zlastic correction factor KL is quite upper right corner of the ASME I!I zmall, but as 2 1 the plastic correction can aecome very large. One can also plot a similar tenitic stainless steels where 0.9S is used for agram to Fig.17 for a two-piece bar with a bend- the tabulated Sm stress allowables instead o ia m.eeent and applied rotations as the input. It m~et nd r)2/3 

5S,, the design limit box appears to exceedt:e clear that corresponding Ke factors would be m:er than those of Fi.17 because the yielding 0 .-4 >1.23 "t of the bar would be capable of assuming higher .. ent values beyond the initial yielding and thus, This apparent anomaly is partially cleared up if more of the imposed rotation would shift into the one recognizes that the austentic stainless 
strong member. In more complex problems of pres- steels have a high strain hardening capability -;re ecs rent discontinuity analysis where there that .9S for that material is actually equivaare further complications, it is not clear how a lent to of the ferritic materials. Hoev 
1aram such as FiE.17 can be directly applied. it can be seen that in secific cases the design 
or example. If combination of forces and displace- rules for primary stresses in ASME III and USAS 
ens cause biaxial stresses, the force induced 31.7 have some area where caution should be xer lading would be expected to produce higher KC cised. To this extent, the B31-7 method for on effects ar illusrated in Fig.17.  

* e fe ts ha~ llustra e n i. 7 puting Kf suffers the same type of shortcom'incs.  
,t can be seen from this discussion that the that is, because it is simple it cannot a election o an accurate KE factor for a particu- for all possible effects. (Guide lines will e 

;."ctwe- -ould involve sclving in some depth discussed later as to where caution should be the actual elastic-plastic problem. Since it is exercised.  
te general and specific with re- he Kc curves which pear in the fi 
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draft cf USAS E31.7 were developed from the fol

loigcrsiderations. Taking the same two load- It -is clear that this is not exactly correct 

ing cases that are used for primary stress limits. because it takes no account cf the relative flexi

I he rectangular bar with tension as cne case -bilities of weak and strong members as was done in 

ding loading as the other- case, and instead the discussion of Fig.17. However, we can gain 5 . n loading to produce the stress apply some insight as to the applicability of the re

ements to produce the stress. The results sults of Fig.19 by comparison with those of Fig.l7,.  

are shown in Fig.19. The reason for using dis- if we equate 0o/Ge and 9 /Se to S 3 we can plot 

placements instead of loading here is that we are K ( curves for the two cases as show n in Fig.20.  

dealing principally with secondary cr displacement 
Fig.20 shows the curves which appear in the USAS 

i'"Iuced loading in comparing stress ranges to the B31.7 code. Combinations of bending and membrane 

3S requirement. stresses are covered by linear interpolation be

We now recognize that for each specific dis- tween these curves using as a parameter the ratio 

Qlcmn or 6 (the loading mechanism) two of membrane stress to membrane plus bending stress.  
Plcmet0 0 

values of the corresponding force resultant can See Fig.21 for graphic explanation of the inter

readily be calculated. These values are the fic- polation.  

titious elastic resultants M1 and F1 and the plas- Since Fig.17 involved only membrane stresses, 

t4.lc resultants M 2'and F. The artificially high it is of interest to compare the membrane curve of 

force resultants M1 and F, are the principal- cause Fig.20 with those of Fig.17. They are shown to

for the elastic strain invari;ance method producing gether on Fig.22. Since an analytic expression is 

t-"cOlservatije strai-n results in the weaker mem- available for the curves of Fig.22, they can read

Sbecause these fictitious resultants drive ily be differentiated 

4o uch of the discontinuity displacements into .2 (FrFg1 cuvs 

:4e Stronger-member. It is assumed that for a d K 3II FrFg1 uvs 

PL. VE CDAR 

~Of margin above the 3Sm stress range, the maxi-77~-l 
2 I\n (11) 

Serror in strains in the yielding member is35 

PLUS SEM:R ~DN 

i.rtio2US to the ratio of the elastic to plas

fg orce resultant in that member or d f(For Fig.20 

d - t10 membrane curve) 

for bending Ko resultant1(1n) 

forle u a e. T e v It can be seen that because the Fig.7 curves are 

notesevaiv strarult in theweaer em 

concave downward that if dK /d(Sn/3So risiseaou

~2 
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- - - - EMBRANE CURVE OF 

F FIGURE 20 

77 r7 

- -O

w I 22.0 

a~0, 

0 0 to so S.  
(A) EFFECTIVE STRESS STATE AT ONE EXTREME Of STRESS CYCLE r 

Fig.22 Comparison of E31..7 Ks factor with exact (1) EFFECTIVE STRESS STATE AT SECOND EXTREUE OF STRESS CYCLE F 2 o p r s n o 3 - a t r W t x c 
simple membrane elastic-plastic correction 

code 

WEAK "EM&EIR WEAK "4IRER ated at Sn/3Sm = 1.0, a maximum value for 22 1i 
Can ce found which makes the curve of Fig.17 
always less than the membrane curve of Fig.20. F F 

s maximum value of .e2 /? 1 , is found to be 1.0. M M' 
.*e significance of this can be generally inter

Treted as follows; if the relative flexibilities 
of the elastic members involved in the plastic 
discontinuity is such that the weaker yielding 
member is at least as flexible as the stronger F F markeri 21 e 1.0, then the application of the KE 

(b) curves of Fig.20 would be expected to produce con- K 831.7 NT NECESSARILY K, of B31.7 EXPECTE TO servative KE factors. In most cases which arise CONSERVATIVE BCOSERATVE i. practice, this requirement will be fulfilled. Fig.23 .7 
Liittin ioB1 lstcpls 7t is important, however, to recognize where this factor requirement is not fulfilled, and this can be il

lustrated with two examples shown in Fig.23.  
In Fig.23(a) we see that the weak yielding to the limits of B31.7 allowable stresses. In ad

member or region is surrounded on both sides by a dition, thermaldiscontinuity loading in the form 
large volume of strong material so that the rela- of temperature gradients through the thickness 
tive flexibility of the weak member may be less were superimposed to put region 1 beyond the 3Sm 
than that of the adjacent strong material. Here limit. Fig.25 shows the detailed Ke value found 
the Ke curves of B31.7 should not be applied. In from the computer (14) solution together with the 
Fig.23(b) it is obvious that the shell flexibility appropriate curve of the B31.7 code.  
of the weak member is greater than that of the ad- It is seen that the elastic plastic computer 
jacent strong member, and, therefore, the Kg solution produces a Kf factor which is everywhere 
curves of B31.7 can be applied. With this rule of lower than the B31.7 curve. It would be expected 
thumb in mind, the KC curves of USAS B31.7 can be that where the application warrants such detailed 
generally applied without concern provided one computer calculations, the more accurate value of 
does not attempt to use them where severe strain Kf would be used in conjunction with the B31-7 
concentrations can pile up such as in the example code. It may be anticipated that as digital com
of Fig.23(a). A specific example in pressure com- puter programs are applied to these types of plas
:cnent design is next shown to further illustrate tic problems, specific plots such as Fig.25 could 
the KE concept in greater detail. We consider a be published and compiled into a reference docu
t:.ical discontinuity which often occurs, and ap- ment for designers so that fairly accurate 
tly a more rigorous elastic-plastic analysis (13) values could be applied to the specific problems.  
tc ,etermine specifically the Ki factor. In this way, the K. concept could be generally 

In this problem the following type of load- applied to plastic problems in much the same way nz was used, Fiz.2i. Pressure loading was assumed as the usual stress concentration concept is ap 
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ounction with the U AE .7 ZimPlified elastic 

plastic analysiZ is the treatment of ratcheting.  

. JThe present B31.7 code controls this importat 
subjeCt with only one requiremet Th 'e require

T6' nment is that the total cyclic events which exceed 

uPtSURE 9.s250 .SI i~ e' the 33m requirement arid use the simplified elastic 

- I- -- - - plastic method are limited to 250 cycles. That is, 

c ,n no specific account of ratcheting is required 
if 

the total cyclic events are less than or equal to 

250 cycles. The B31.7 fatigue rules are here 
il

TEPERATURE DISTPlBUT 0, 
lustrated and compared with the ASME III fatigue 

rules.  

ASME III 

E E... rrrT E ST-'-c~s 

ISA 
< 3S S K S 

n si T t n 
9, V [FFECTIVE STPAIN ELASTIC

*.06 PLASTIC 

L~LULS~.i 
(13) 

4~.rIL TPI~ ICL7i~PCA !FCTSS 3' 3S (suggests plastic analysis, but 
OMITRA- no specific guidance) 

C pLTEA STRESS STRAIN 
RESULTS 

alScan: USIN, 
Ssts-HencKS 

FLOw RULE 
U A 3 

Fig.24 Elastic-plastic computer analysis S a 35 t n 

S 03S otalcycle 250 . l F . Comparisonf o 1 KS 

c u es where 

pl e31.7 dEROI CuRVE. : 
S is the code tabulated stress allowable 

-,RLITER LYSIS 
at the appropriate temperature 

WS is the nominal btress range excluding 
n stress concentrations or local thermal 

tic seffects 
K is defined here as the ratio of the 

peak surface elastic calculated stress 

ETN1ADTH 317RUE 

range including effects of stress con

centrations and local thermal effects, 

to the S nominal stress range 

0.5s 
the alternating fictitious stress am

alt 
plitude which is entered into the ASME 

0 
11m or 31.7 fatigue curves to deter

. 5.0 miin fatigue usage following the Miner 

hypothesis 

effts 

Fig.25 Comparison of B31.7 factor with K K + A (K 1) 

computer elastic plastic analysis 
c th re 

rsan incrluingiefeso stress rdcn

tion factor to account for geometric 

stress concentrations and local ther

mal effects 

plied to purelyelasticnproblem.sTheeasvantag 

in design calculations of retaining a basic elas- A amaue aeildpnetfco 

tic solution and using a K,, atr hr nee which is a function of the nominal 

is tremendous compared to the task of computing fittosAatcapidsrs 

elastic-plastic solutions for each spe6ificrag,5 
iwhc telolzd 

problem.  

Sphealtiferntngefitiios (istress am

- ETING AND T1E B31 .7 RULES 
1otice that the 317 rules are identical to the 

ASME III rules when 3Sm is not exceeded (except as 

The third factor discussed earlier in con- explained earlier in that 31.7 requires that 
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. 8 d:,F. s-.*-t equ rdie~ distnconb 

7~ j~L'TTc-. STEADY ]0 , 

::.oai. hsae is imprtan but it.  

ax e do o, w cal te demai.-s2eqully a 

a anal:lt in, a ao his diffiult INA 

.ijor. iema hk o i a..if t is cint a e r-cOetiny straidiu prror to 
_ _ ___s _s l : s : faen the fatshkeowe analyseix CYCLES 

req -rd T he disincoion -iE.2 Carbon steel ratchet bhvo 
.e -i -hi area i im ortadi but it 

. .: ally ar ach is equally as 
5t 7 :TT ^TEc of troach and yet permits mean stress is 1/2 the stress range and fully re

: n arzlica-r. to this difficult versed loading where he mean stress was zero. In 
-- --- - emhasize the problem with the the zero-tension tests very severe ratchetin 

re:edreent of shakedown, it is cinted takes place as the maximum stress gets near the 

it is a xml difficult prraieo, extfn 

S.. fi t to nominal ultimate strength. The maximum rate 
-- - - s wn except in very steady ratcheting for carbon steel short cr - -- - - - -eaI . wsdy it is difficult is the e few loading 

bu~ecin scceciael metod o. pefomigrhere 

n - -,-s: generally apply an incremental tlas- cycles was about 1.9 x 0 in./in. per cycle in 
sable of trackin- the entire load- ::ihthe specimen failed in i cycles. The tyri

.an:s-resSs-rai. nistor-Y through perhaps cal strain versus cycles plot for these zero ten
- coa rYsteresis loops. Attempts to sion tests is shown in Fig.26. It is seen that 

rdi-., the .were undertaken by iller three distinct stages are present, (1) an initial 

a uez.le4 :n the ruif e elasich plati aalyis ogai 

e e si n e (2) a steady ratchet or apparent creep 

E:. 3 7 thatri- possibetn grs rachtn3dst) 

two very simple stage and a final fracture stage. In this 
Se i-ay from geometric discontinui- o .t the cyclic tensile loading was about 9I ter
is cfult to generalize or exteid cent of the conventional ultimate strengthor 

ste mr rt aont cases of interest at geomet- about 160 percent of the yield strength. Eac of 
s Therefore, in effect. ASME the plots at higher cycles to failure had these 

:? ugigtsEwested that exceeding aSm is per issi- same three distinct stages and the steady ratchet 

-ar-Is iso~~e.the poblneomi te dede tta 

0 ~ accetbemthd fPefrig h e stage occupied about a 10 to 20 percen oa 
aisto vanalysis is not generally available. ratcheting elongation almost independent of the 

attempted to fill this gap. In steady ratchet state or cycles to failure. Under 
i, t ' code does not e p the fully reversed 

Frbth prolleding aperdbytBenam and or 

... s. ::. . the simplified elastic plastic analysis of ratcheting was detected at the same stress 
: .- ctd -he gross pipe expansion effects to ex- ranges where this high ratcheting had occurred 
eo -hat possible gross ratchetin; distor- under zero tension loading, and no significant 

: ::r:nZ need not be considered in the effect of ratcheting was observed under fully re
siofidelastic-plastic analysis of P31.7. It versed loading until an actual stress range equal 
is sualyagreed in pressure component design to or greater than about 1.8 times the convention

*- at szme limited amount of localized ratcheting al ultimate strength was imposed.  9:erm ssib'e -integral connections In the loading regions of h31e7 where ex
or o:ints hreleakage or disengagement of mating ceeding the ISm limit is permitted, the limits on 

- to a so 

- of concern). The problem is to decide primary stresses are still limited to S for em
toc evaluate the effect of ratcheting, brane effects so that the mean stress available as 

odeertine hhew much ratcheting will be a driving source for ratcheting is limited to 
n any apeciftc application. plac the stress range. Thus, the zero-tension 

c r both rot -lems a paper by Benham and Ford tests which have a mean stress of 1/2 the stres6 has ;tro ven to be useful in which uniaxial range would be expected to illustrate conservative 
a carbon steel and an alsminum alloy were ratchet effects when considering the o31.7 simpl 
*,;here rat:cheting was quantitatively fied elastic plastic cases. However, the mean 

Sand Ford performed uniaxial stress will generally be greater than zero under tests on unnotcsed bars under twio so that fully reversed tests illustrate no
------- - nn rarcheting was observed. The conservative ratchet effects when applied to tce 

.tere zero to tension loadin; where t31.7 simplified elastic plastic cases. An appro

ctvaae
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CYcLES TO FAILURE. at 

Fig. 2 7 Carbon steel ratchet failure diagram 
0 1 2 3 4 

PERCENT STRAINJ RA4GE 

Fig.2
8  Benham-Ford (16) cycle stress strain data 

priate answer can be obtained if for each material 
for carbon steel 

unnotched low cycle fatigue tests were 
performed 

under load control with varying amounts 
of mean 

stress ranging from 1/3 to 0 of the stress range. posed ratchet failure diagram for uniaxial loading 

This could become a ratchet failure diagram where we find that the fatigue failure would occur at 

the combined effects of low cycle fatigue and 3500 cycles. To illustrate the degrading effect 

ratcheting under mean stress are working to pro- due to this finite mean stress in the low cycle 

duce specimen failure. fatigue region causing ratcheting, we see that 

In order to obtain a first approximation toe would be predicted at 20,000 cycles with 

sults from such tests, the curves of Benham no mean stress but with the same 74,000 psi stress 

anord have been linearly interpolated (using range. This is quite a significant reduction and 

the ratio of mean stress to stress range as param- emphasizes that the effect of ratcheting should be 

eter) for mild steel to produce the following controlled. If we continue and plot the ratchet 

ratchet failure diagram, Fig.27. The ordinate failure cycles for all possible stress ranges fol

here is the true measured stress range on the !owing this same procedure the following diagram 

specimen, and if a corresponding steady cyclic will result, Fig.29. The 1.0 curve illustrates 

strain range were available then one could relate the maximum effect of mean stress. Superimposed 

these stress ranges to the fictitious stress rangeL on Fig.
2 q is the useful region of B31.7 where the 

of 531.7 and evaluate the effects of ratcheting can 

on the fatigue life. This can be accomplished be used without specifically considering ratchet

approximately by using the cyclic-stress strain ing. The upper right corner curve bounding this 

diagram of the material under strain controlled region which slopes downward toward the right was 

conditions which Benham and Ford supplied in their established by entering the B31-7 carbon steel fa

paper for the particular mild steel, Fig.2
8 . tigue curve at 1/2 K, Sn b 

Consider the case where a total nominal ef- factor is applied even for an unnotched part.  

feciv fcttiuselastic calcultdsrsrae 
With the 250 cycle limit bounding the E31.7 profective fictitious elated stress ranCe 

is for example 
7 Sm This would be caused by both cedure on the right, it is seen that a large mar

discontinuity displacements and applied 
loads. Lin exists between permissible cycles and the 

The real stress range corresponding to this 
7 5m cycles required to produce a ratchet failure even 

value (using Fig.28) is approximately 74,000 psi. at the highest mean stress permissible under E31 

Of this 74,000 psi stress range only 1.0 Sm ef- The minimun ratio here was found to be aactor of 

fective stress or 20,000 psi can be applied as a 16.8 on cycles. For a part which involves a notch 

mean stress under the E31.7 code rules, thus, the or K factor other than unity, the method will be 

ratio Smean/A~range is 0.27. If the two parnme- even more conservative because the upper right 

U S a nd S /AS) are entered on the rro- corner of the F',1.7 useful rerion will move to the 
mean 
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CYCLE FAI~ OfIAS 

t2 T0 11. AC!0 os 

100 

22 

0 0' i0 10 

zi 2 stimated ratchet failure margin for carbon 
steel 

:eft. The 250 cycle limit which appears in B31.7 
was chosen quite arbitrarily and it would appear 

rom this discussion that it could have been 
cho:sen somewhat higher with little danger of a 
::ssible ratchet effect on the fatigue life. How
e%-er, because actual material data concerning RANGE OF STRESS INTENSITY (KSI In 

::nese effects is quite meager (only one material, Fig.30 Crack growth computation 
carcon steel, has been discussed here) no attempt 
has been .nade here to raise this somewhat arbi
trary limit. The 250 cycle limit of B31.7 is in- clarified as was previously discussed. One reason 
tended only to illustrate a region where ratcheting that this confusion existed is because no distinc

- can be safely neglected and if proper account is tion was made between crack initiation and crack 
ofen c the possible ratchet effects, the simpli- growth. The '8S concept illustrated by Langer 

fied elastic plastic analysis of B31.7 can be ex- (7) was an attempt to help resolve this problem, 
tended to higher cycles of loading than 250. but unfortunately this concept also does not quan

titatively separate crack initiation from crack 
IFPROVED METHODS OF LOW CYCLE FATIGUE ANALYSIS growth. Since both codes-ASME III and USAS B31.  

-define experimental fatigue failure as a crack 
The procedures of low cycle fatigue analysis which causes leakage, it will continue to be dif

used in ASME III and USAS B31.7 could be consider- ficult to account accurately for the crack growth 
ably improved if one important distinction is made. stage with a basic material fatigue specimen which 
That distinction is to separate the fatigue life measures principally crack initiation. The un
associated with crack initiation from that due to notched low cycle fatigue specimen presently used 
crack grcwth. The need for this separation is em- by ASME III and B314 measures chiefly crack ii
phasized if one observes that crack initiation-is tiation because crack initiation (about 0.010 in.  
most accurately correlated by reference to the ef- length crack) usually occurs at 80 to 90 percent 
fective multiaxial strain range while crack growth of the cycles to break the specimen.  
seems to depend mainly on the cyclic stress compo- Another type of materials test is needed to 
nents normal to the direction of the growing crack. quantitatively account for the crack growth stage.  
nus, in pressure components the mechanisms of the Such tests have been in existence for several 
c ack initiation and growth appear distinctly dif- years and many possible forms of correlating the 
ferent.. It has been discussed in this paper that results are available. One which has been used 
tecause of this lack of distinction it is diffi- quite extensively in the A.E.C. Pipe Rupture Study 
cult to account for a proper fatigue strength re- (18) being performed by General Electric is the 
ductior. factor which is related directly to elas- use of the fracture mechanics stress intensity 

:1:orplati strain calculations. This has been -r si tancluatos hshsbe parameter AK. It has been shown that this oarzimre
a Z:u=ce of confusion where at one time it was ter is capable of correlating crack growth rate 
-7 (se : 21-) :hat local strain concentrations under conditions of loading ranging from the early 

he elastic stress concentration if stages of crack growth where the crack dimensions 
: chieved. This concept has been are only a few mils to well past the failure stage 
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where the crack is through the pressure retaining in us ing the B31.7 elastic plastic method, the Kf 

member. The usual correlation appears as in Fig. factor should be increased for the fillet weld 

30 where the ordinate is the crack growth rate and just as it is for the mild notches until it can be 

bscissa is the range of the fracture mechan- shown that such a procedure is overly conservative.  

i ress intensity factor. It is emphasized that If the codes were to separate the calculations of 

orrelation has been tested well into the net fatigue life into two parts (initiation and growth) 

section plastic stress region, that is, the linear then the problem with the fillet weld could be 

elastic fracture mechanics stress intensity pro- handled by computing fatigue life with only a 

vides consistent correlation for crack growth well crack growth stage so that resorting to an arbi

into the plastic stress region. Effects of mean trary artificial factor would be unnecessary. If 

stress, temperature, and geometry have been for example, a design curve such as that illus

studied experimentally (19) but are generally not trated in Fig.30 were used, then the fatigue life 

found to be as significant as the overall data for the fillet weld could be computed. In order 

scatter without these effects. This type correla- to carry out such a computation, numerous lengthy 

tion may be applied to any type of initiated crack calculations may sometimes be involved, and it is 

provided one can obtain the proper fracture mechan- often best to incrementally calculate the cycles 

ics stress intensity factor. Usually for small associated with several small changes of section 

cracks the stress intensity value can be approxi:- thickness. In this way, the appropriate changes 

mated from one of the classic solutions available, in net section stresses, force resultants, 
&K 

The main difficulty in application to fatigue life values, and plasticity corrections, can be ac

calculations is the integration of the crack over counted for so that all major effects are evalu

the thickness of the pressure retaining member be- abed. Numerous such calculations have been car

cause as the crack progresses, through the thick- r2ed out in the AEC sponsored Pipe Rupture Study 

ness, the AK and, the force resultants (or equiva- (21) and it has been found that a close simulation 

lently the nominal stresses) through the uncracked of actual metals fatigue behavior is possible 

section change. Generally. however, one can make using this approach. It remains to reduce these 

an appropriate assumption concerning the 
nature of types of fatigue calculations to a simplified pro

the change in the force resultant. For example, cedure suitable for code application.  

he stress is caused by thermal or discontin

loading, then that portion of the force 
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CRITERIA OF THE ASME BOILER 

AND PRESSURE VESSEL CODE 

FOR DESIGN BY ANALYSIS IN 

SECTIONS III AND VIII, 

DIVISION 2 

I. INTRODUCTION 

Section III of the ASME Boiler and Pressure Vessel Code was 
first published in 1963 and contained rules for the design and 
construction of nuclear pressure vessels. An explanation and 
discussion of the design by analysis concept and its origin was 
given in depth in the First and Second Editions of this 
document. The second edition was written following the 1968 
Code Edition.  

This third edition of the criteria document is based on the 
1983 Code. Although the basic criteria has not significantly 
changed, there have been many revisions and additions to the 
Code since 1968. The 1971 Edition of Section III was expanded 
to include all components. Specific rules for the design of 
pumps, valves, piping and metal containment systems were 
included with the vessel rules. As an alternative to the 
simplified rules for these components, a detailed analysis 
according to the requirements of NB-3200 may be performed.  
Additional changes in the 1971 Edition included stress limits 
for emergency and faulted conditions and a simplified 
elastic-plastic analysis if the 3Sm limit on the range of 
primary-plus-secondary stress is exceeded. Other major changes 
in the Code were the addition of rules for component supports 
in /f.ZJ r core support structures in fLf' , and concrete 

. reactor vessels and containments (Division 2) in 1975.  

Now mandatory appendices covering rules for evaluation of 
faulted.conditions and protection against nonductile failure 
were published in fM73 and , respectively. The 
Section III rules do not include consideration of creep and 
stress rupture characteristics of materials. Therefore, there 
are temperature limits, generally 700 to 800'F. In , 
the first Code Case ( 1S,/ ) for the design of components 
in elevated temperature service was published. Evaluation of 
high cycle fatigue characteristics resulted in the extension of 
the fatigue curve for austentic steel, nickel-chromium-iron 
alloy, nickel-iron-chormium alloy, and nickel-copper alloy from 
106 to 1011 cycles in 1982.



History 

The design philosophy of the present Section I (Power Boilers) 
and Division 1 of Section VIII (Pressure Vessels) of the ASME 
Boiler Code requires that the wall thickness of a vessel shall 
be such that the maximum hoop stress does not exceed the 
allowable stress. It is recognized that high localized and 
secondary bending stresses may exist in vessels designed and 
fabricated in accordance with these rules. Insofar as 
practical, design rules for details have been written to hold 
such stresses at a safe level consistent with experience.  

Section I and Division 1 of Section VIII do not call for a 
detailed stress analysis but merely set the wall thickness 
necessary-to keep the basic hoop stress below the tabulated 
allowable stress. They do not require a detailed evaluation of 
the higher, more localized stresses which are known to exist, 
but instead allow for these by the safety factor and a set of 
design rules. Thermal stresses also do not require explicit 
analysis. The only reference to them is Par. UG-22 where *the 
effect of temperature gradients" is listed among the loadings 
to be considered. There is no indication of how this 
consideration is to be given.  

The Special Committee t6 Review Code Stress Basis was 
originally established to investigate what changes in Code 
design philosophy might permit use of higher allowable stresses 
without reduction in safety. It soon became clear that one 
approach would be to make better use of modern methods of 
stress analysis. Detailed evaluation of actual stresses would 
permit substituting knowledge of localized stresses, and 
assignment of more rational margins, in place of a larger 
factor which really reflected lack of knowledge.  

The development of analytical and experimental techniques has 
made it possible to determine stresses in considerable detail.  
When the stress picture is brought into focus, it is not 
reasonable to retain the same values of allowable stress for 
the clear detailed picture as had previously been used for the 
less detailed one. Neither is it sufficient merely to raise 
the allowable stresses to reasonable values for the peak 
stresses, since peak stress by itself is not an adequate 
criterion of safety. A calculated value of stress means little 
until it is associated with its location and distribution in 
the structure and with the type of loading which produced it.  
Different types of stress have different degrees of 
significance and must, therefore, be assigned different 
allowable values. For example, the average hoop stress through 
the thickness of the wall of a vessel due to internal pressure 
must be held to a lower value than the stress at the root of a 
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notch in the wall. Likewise, a thermal stress can often be 
allowed to reach a higher value than one which is produced by 
dead weight or pressure. Therefore the Special Committee 
developed a new set of design criteria which shifted the 
emphasis away from the use of standard configurations and 
toward the detailed analyses of stresses. The setting of 
allowable stress values required dividing stresses into 
categories and assigning different allowable values to 
different groups of categories.  

The ASME Special Committee dealt with these problems partly by 
the knowledge and experience of individual members and partly 
by the results of numerous analytical and experimental 
investigations. The Code Committee itself does not conduct 
research programs, but is able to derive much useful 
information from the Pressure Vessel Research Committee. Among 
other programs PVRC has sponsored considerable work on fatigue 
behavior in materials and vessels. Results of these 
experimental programs were studied by the ASME Special 
Committee and formed the basis for the design methods for 
evaluation of fatique behavior in vessels.  

The work of the Special Committee led to the publication of 
Section III in 1963 and-publication of Division 2, Alternative 
Rules for Pressure Vessels, of Section VIII in 1968. The 
design requirements of Division 2 consist of a text, comparable 
to the paragraphs on design in part UG of Division 1, and three 
appendices: 

Appendix 4, Design Based on Stress Analysis 
Appendix 5, Design Based on Fatigue Analysis 
Appendix 6, Experimental Stress Analysis 

These three appendices are essentially identical to the 
analysis requirements of Section III. They provide a means 
whereby one can evaluate those vessels subject to severe 
service stresses or which contain configurations not considered 
within the text, using the detailed engineering approach which 
modern methods of stress analysis have made possible.  

Because of the prominent role played by stress analysis in 
designing vessels by the rules of Section III or by the 
appendices of Division 2, and because of the necessity to 
integrate the design and analysis efforts, the procedure may be 
termed *design by analysis." This document provides an 
explanation of the tIrength theories, stress categories, and 
stress limits on which these design procedures are presently 
based. It also provides an explanation of the methods used for 
determining the suitability of vessels and parts for cyclic 
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application of loads. This latest version includes discussions 
of service limits, brittle fracture criteria,r4iarmLy stiesmer 
-for Level G d B, high cycle fatigue, simplified elastic

plastic fatigue analysis, thermal stress ratcheting and Class 
2/3 criteria.  

Strength Theories 

The stress state at any point in a structure may be completely 
defined by giving the magnitudes and directions of the three 
principal stresses. The possibility of yielding must be 
determined by means of a strength theory. The theories most 
commonly used are the maximum stress theory, the maximum shear 
stress theory (also known as the Tresca criterion), and the 
distortion energy theory (also known as the octahedral shear 
theory and the Mises criterion). It has been known for many 
years that the maximum shear stress theory and the distortion 
energy theory are both much better than the maximum stress 
theory for predicting both yielding and fatigue failure in 
ductile metals. Section I and Division 1 of Section VII use 
the maximum stress theory, by implication, but Section III and 
Division 2 use the maximum shear theory. Most experiments show 
that the distortion energy theory is more-accurate than the 
shear theory, but the shear theory was chosen because it is a 
little more conservative, it is easier to apply, and it offers 
some advantages in applications of the fatigue analysis, as 
will be shown later.  

The maximum shear stress at a point is defined as one-half of 
the algebraic difference between the largest and the smallest 
of the three principal stresses. Thus, if the principal stresses are Q7 , , and , and > i(. > G3 (algebraically), 
the maximum shear stress is 1/2 (Tj-GS). The maximum shear 
stress theory of failure states that yielding in a component 
occurs when the maximum shear stress reaches a value equal to 
the maximum shear stress at the yield point in a tensile test.  
In the tensile test, at yield, j - Sy , I- - 0, and Cb = 0; 
therefore the maximum shear stress is Sy/ 2 . Therefore 
yielding in the component occurs when 

1/2 (G- z) = 1/2 S 

In order to avoid the unfamiliar and unnecessary operation of 
dividing both the calculated and the allowable stresses by two 
before comparing them, a new term called 'equivalent intensity 
of combined stress' or, more briefly, "stress intensity' has 
been used. The stress intensity is defined as twice the 
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maximum shear stress and is equal to the largest algebraic 
difference between any two of the three principal stresses.  
Thus the stress intensity is directly comparable to strength 
values found from tensile tests. The term *stress intensity" 
as just defined is not to be confused with the same term from 
the field of fracture mechanics.  

Design, Service and Test Loadings 

The loads on a component are categorized as design, service or 
test conditions. The analysis requirements and stress limits 
vary with the category of loading. Primary stresses are 
evaluated for design, Level C and D service conditions and 
testing. A fatigue analysis for cyclic stresses is required 
for Level A and B service conditions. Since primary stresses 
are not evaluated for Level A and B conditions, the design 
conditions should include primary loads from Level A and B.  
The limits for Level C and D primary stresses are higher than 
Design on the basis that some damage is acceptable for lower 
probability loads. Level C stress limits are applicable to 
loads which have a low probability of occurrence but are 
included to provide assurance that no gross loss of structural 
integrity will result. Shutdown for repair of damage on the 
system is required. In addition, the total number of 
postulated occurrences for such events shall not cause more 
than 25 stress cycles having an alternating stress value 
greater than that allowed for 106 cycles. This is to 
preclude fatigue as a failure mode. Level D stress limits are 
applicable to loads associated with extremely-low-probability 
events whose consequences are that the integrity and 
operability of the component may be impaired to the extent that 
considerations of public health and safety are involved.  

II. MODES OF FAILURE, STRESS CATEGORIES AND STRESS LIMITS 

Modes of Failure 

The various possible modes of failure which confront the 
pressure vessel designer are: 

1. Excessive elastic deformation including elastic instability.  
2. Excessive plastic deformation.  
3. High strain - low cycle fatigue.  
4. Plastic instability - incremental collapse.  
5. Brittle fracture.  
6. Stress rupture/creep deformation (inelastic) 
7. Stress corrosion.  
8. Corrosion fatigue.  
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In dealing with these various modes of failure, we will assume 
that the designer has at his disposal a picture of the state of 
stress within the part in question. This would be obtained 
either through calculation or measurements of both the 
mechanical and thermal stresses which could occur throughout 
the entire vessel during transient and steady state 
operations. The question one must ask is what do these numbers 
mean in relation to the adequacy of the design? Will they 
insure safe and satisfactory performance of a component? It is 
against these various failure modes that the pressure vessel 
designer must compare and interpret stress values. For 
example, elastic deformation and elastic instability (buckling) 
cannot be controlled by imposing upper limits to the calculated 
stress alone. One must consider, in addition, the geometry and 
stiffness of a component as well as properties of the material.  

The plastic deformation mode of failure can, on the other hand, 
be controlled by imposing limits on calculated stress, but 
unlike the fatigue and stress corrosion modes of failure, peak 
stress does not tell the whole story. Careful consideration 
must be given to the consequences of yielding, and therefore 
the type of loading and the distribution of stress resulting 
therefrom must be carefully studied. The designer must 
consider, in addition to setting limits for allowable stress, 
some adequate and proper failure theory in order to define how 
the various stresses in a component react and contribute to the 
strength of that part.  

The Code provisions intended to prevent the various possible 
modes of failure are as follows: 

(a) Primary stress limits are provided to prevent plastic 
deformation and to provide a nominal factor of safety on 
the ductile burst pressure.  

(b) Primary plus secondary stress limits are provided to 
prevent excessive plastic deformation leading to 
incremental collapse, and to validate the application of 
elastic analysis when performing the fatigue evaluation.  

(c) A peak stress limit is provided to prevent fatigue failure 
as a result of cyclic loadings.  

(d) Special stress limits are provided for elastic and 
inelastic instability.  
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(e) Protection against brittle fracture is provided by material 
selection and the nonmandatory rules of Appendix G, of 
Section III.  

(f) Design criteria for elevated temperature service is 
provided in Code Case 1592.  

Protection against environmental conditions such as corrosion 
and radiation effects are the responsibility of the designer.  

Stress Categories 

Different types of stress require different limits, and before 
establishing these limits it was necessary to choose the stress 
categories to which limits should be applied. The categories 
and sub-categories chosen were as follows: 

A. Primary Stress 

1. General primary membrane stress.  
2. Local primary membrane stress.  
3. Primary bending stress.  

B. Secondary Stress 

C. Peak Stress 

Definitions of these terms are given in Fig. NB-3222-1 of 
Section III and Appendix 4, Table 4-120.1 of Section III, 
Division 2. The chief characterisitics of these terms may be 
described briefly as follows: 

a. Primary Stress is a stress developed by the imposed 
loading which is necessary to satisfy the laws of 
equilibrium between external and internal forces and 
moments. The basic characteristic of a primary stress is 
that it is not self-limiting. If a primary stress exceeds 
the yield strength of the material through the entire 
thickness, the prevention of failure is entirely dependent 
on the strain-hardening properties of the material.  

b. Secondary Stress is a stress developed by the self
constraint of a structure. It must satisfy an imposed 
strain pattern rather than being in equilibrium with an 
external load. The basic characteristic of a secondary 
stress is that it is self-limiting. Local yielding and 
minor distortions can satisfy the discontinuity conditions 
or thermal expansions which cause the stress to occur.  

c. Peak Stress is the highest stress in the region under 
consideration. The basic characteristic of a peak stress 
that it causes no significant distortion and is 
objectionable mostly as a possible source of fatigue 
failure.  
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The need for dividing primary stress into membrane and bending 
components is that, as will be discussed later, limit design 
theory shows that the calculated value of a primary bending 
stress may be allowed to go higher than the calculated value of 
a primary membrane stress. The placing in the primary category 
of local membrane stress produced by mechanical loads, however, 
requires some explanation because this type of stress really 
has the basic characteristics of a secondary stress. It is 
self-limiting and when it exceeds yield, the external load will 
be resisted by other parts of the structure, but this shift may 
involve intolerable distortion and it was felt that it must be 
limited to a lower value than other secondary stresses, such as 
discontinuity bending stress and thermal stress.  

Secondary stress could be divided into membrane and bending 
components, just as was done for primary stress, but after the 
removal of local membrane stress to the primary category, it 
appeared that all the remaining secondary stresses could be 
controlled by the same limit and this division was unnecessary.  

Thermal stresses are never classed as primary stresses, but 
they appear in both of the other categories, secondary and 
peak. Thermal stresses which can produce distortion of the 
structure are placed in-the secondary category and thermal 
stresses which result from almost complete suppression of the 
differential expansion, and thus cause no significant 
distortion, are classed as peak stresses.  

A special exception to these general rules is the case of the 
stress due to a radial temperature gradient in a cylindrical 
shell. It is specifically stated that this stress may be 
considered a local thermal stress. In reality, the linear 
portion of this gradient can cause deformation, but it was the 
opinion of the Special Committee that this exception could be 
safely made.  

One of the commonest types of peak stress is that produced by a 
notch, which might be a small hole or a fillet. The phenomenon 
of stress concentration is well-known and requires no further 
explanation here.  

Many cases arise in which it is not obvious which category a 
stress should be placed in, and considerable judgement is 
required. In order to standardize this procedure and use the 
judgement of the writers of the Code rather than the judgement 
of individual designers, a table was prepared covering most of 
the situations which arise in pressure vessel design and 
specifying which category each stress must be placed in. This 
table appears as Fig. NB-3222-1 of Section III and Appendix 4, 
Table 4-120.1 of Division 2.  
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The grouping of the stress categories for the purpose of 
applying limits to the stress intensities is illustrated in 
Fig. NB-3222-1 of Section III and Fig. 4-130.1 of Appendix 4 of 
Division 2. This diagram has been called the 'hopper diagram' 
because it provides a hopper for each stress category. The 
calculated stresses are made to progress through the diagram in 
the direction of the arrows. Whenever a rectangular box 
appears, the sum of all the stress components which have 
entered the box are used to calculate the stress intensity, 
which is then compared to the allowable limit, shown in the 
circle adjacent to the rectangle. The following points should 
be noted in connection with this diagram: 

a. The symbols Pm, Pl, Pb, Q and F do not represent 
single quantities, but each represents a set of six 
quantities, three direct stress and three shear stress 
components. The addition of stresses from different 
categories must be performed at the component level, not 
after translating the stress components into a stress 
intensity. Similarly, the calculation of membrane stress 
intensity involves the averaging of stresses across a 
section, and this averaging must also be performed at the 
component level.  

b. The stresses in Category Q are those parts of the total 
stress which are categorized as secondary, and do not 
include primary stresses which may also exist at the same 
point. It should be noted, however, that a detailed stress 
analysis frequently gives the combination of primary and 
secondary stresses directly, and this calculated value 
represents the total of P (or PL) + Pb + Q and not Q 
alone. It is not necessary to calculate Q separately sipce 
the stress limit (to be described later) applies to the 
total stress intensity. Similarly, if the stress in 
Category F is produced by a stress concentration, the 
quantity F is the additional stress produced by the notch, 
over and above the nominal stress, but it is not necessary 
to calculate F separately.  

Basic Stress Intensity Limits 

The choice of the basic stress intensity limits for the stress 
categories described above was accomplished by the application 
of limit design theory tempered by some engineering judgement 
and some conservative simplifications. The principles of limit 
design which were used can be described briefly as follows.  
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The assumption is made of perfect plasticity with no 
strain-hardening. This means that an idealized stress-strain 
curve of the type shown in Fig. I is assumed. Allowable 
stresses based on perfect plasticity and limit design theory 
may be considered as a floor below which a vessel made of any 
sufficiently ductile material will be safe. The actual 
strain-hardening properties of specific materials will give 
them larger or smaller margins above this floor.  

In a structure as simple as a straight bar in tension, a load 
producing yield stress, Sy, results in "collapse". If the 
bar is loaded in bending, collapse does not occur until the 
load has been increased by a factor known as the "shape factor 
of the cross section; at that time a "plastic hinge' is 
formed. The shape factor for a rectangular section in bending 
is 1.5. When the primary stress is a rectangular section 
consists of a combination of bending and axial tension, the 
value of the limit load depends on the ratio between the 
tensile and bending loads. Fig. 2 shows the value of the 
maximum calculated stress at the outer fiber of a rectangular 
section which would be required to produce a plastic hinge, 
plotted against the average tensile stress across the section, 
both values expressed as multiples of the yield stress, Sy.  
When the average tensile-stress, Pm, is zero, the failure 
stress for bending is 1.5 Sy. When the average tensile 
stress is Sy, no additional bending stress, Pb, may be 
applied.  
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FIGURE 2. LIMIT STRESS FOR COMBINED TENSION AND BENDING 
(RECTANGULAR SECTION) 

Figure 2 was used to choose allowable values, in terms of the 
yield stress, for general primary membrane stress, Pm, and 
primary membrane-plus-bending stress, Pm + Pb. It may be 
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seen that limiting Pm to (2/3) S and Pm + Pb to Sv 
provides adequate safety. The shfety factor is not constant 
for all combinations of tension and bending, but a design rule 
to provide a uniform safety factor would be needlessly 
complicated.  

In the study of allowable secondary stresses, a calculated 
elastic stress range equal to twice the yield stress has a very 
special significance. It determines the borderline between 
loads which, when repetitively applied, allow the structure to 
"shake down' to elastic action and loads which produce plastic 
action each time they are applied. The theory of limit design 
provides rigorous proof of this statement, but the validity of 
the concept can easily be visualized. Consider, for example, 
the outer fiber of a beam which is strained in tension to a 
strain value , somewhat beyond the yield strain as shown in 
Fig. 3(a) by the path 0AB. The calculated elastic stress would 
be S - Sl - E 1. Since we are considering the case of a 
secondary stress, we shall assume that the nature of the 
loading is such as to cycle the strain from zero to 1 and 
back to zero, rather than cycling the stress from zero to S1 , 
and back to zero. When the beam is returned to its undeflected 
position, 0, the outer fiber has a residual compressive stress 
of magnitude Sl - Sy. On any subsequent loading, this 
residual compression must be removed before the stress goes 
into tension and thus the elastic range has been increased by 
the quantity Sl - Sy. If Sl - 2 Sy, the elastic range 
becomes 2Sy, but if Sl 2Sy, the fiber yields in 
compression, as shown by EF in Fig. 3(b) and all subsequent 
cycles produce plastic strain. Therefore, 2Sy is the maximum 
value of calculated secondary elastic stress which will *shake 
down" to purely elastic action.  
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FIGURE 3. STRAIN HISTORY BEYOND YIELD 

An important point to note from the foregoing discussion of 
primary and secondary stresses in*1.5 Sy is the failure 
stress for primary bending, whereas for secondary bending 25Y is merely the threshold beyond which some plastic action 
occurs. Therefore the allowable design stress for primary 
bending must be reduced below 1.*5S y too say, 1.0S , whereas 
2Sy is a safe design value for secondary bending since a 
litle plastic action during overloads is tolerable. The same 
type of analysis shows that 2S y is also a safe design value 
for secondary membrane tension. As described previously, local 
membrahei stress produced by mechanical load has the 
characteristics of a secondary stress but has been arbitrarily 
placed In the primary category. In order to avoid excessive 
distortion, it has been assigned an allowable stress level of 
Sy, which is 50 percent higher than the allowable for general 
primary membrane stress but precludes excessive yielding.  

We have now shown how the allowable stresses for the first four 
stress categories listed in the previous section should be 
related to the yield strength of the material. The last 
category, peak stress, is related only to fatigue, and will be discussed later. With the exception of some of the special 
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stress limits, the allowables in Codes are not expressed in 
terms of the yield strength, but rather as multiples of the 
tabulated value Sm, which is the allowable for general 
primary membrane stress. In assigning allowable stress values 
to a variety of materials with widely varying ductilities and 
widely varying strain-hardening.properties, the yield strength 
alone is not a sufficient criterion. In order to prevent 
unsafe designs in materials with low ductility and in materials 
with high yield-to-tensile ratios, the Code has always 
considered both the yield strength and the ultimate tensile 
strength in assigning allowable stresses. This principle has 
not been changed in Section III or Division 2 but the chosen 
fractions of the mechanical properties have been increased to 
two-thirds yield strength and one-third ultimate strength 
instead of five-eighths yield strength (for ferrous materials) 
and one-fourth ultimate strength. The Special Committee 
believed that this increase was quite safe becauce the detailed 
stress analysis required eliminates the need for a large safety 
factor to cover unanalyzed areas. The stress intensity limits 
for the various categories given are such that the multiples of 
yield strength described above are never exceeded.  

The allowable stress intensity for austenitic steels and some 
non-ferrous materials, at temperatures above 100 F, may exceed 
(2/3 )Sy and may reach 0.9S at temperature. Some 
explanation of the use of p to 0.9S for these materials as 
a basis for Sm is needed in view of igure 2 because this 
figure would imply that loads in excess of the limit load are 
permitted. The explanation lies in the different nature of 
these materials' stress strain diagram. These materials have 
no well-defined yield point but have strong strain-hardening 
capabilities so that their yield strength is effectively raised 
as they are highly loaded. This means that some permanent 
deformation during the first loading cycle may occur, however 
the basic structural integrity is comparable to that obtained 
with ferritic materials. This is equivalent to choosing a 
somewhat different definition of the "design yield strength" 
for those materials which have no sharply defined yield point 
and which have strong strain-hardening characteristics.  
Therefore, the Sm value in the code tables, regardless of 
material, can be thought of as being no less than 2/3 of the 
'design yield strength" for the material in evaluating the 
primary and secondary stresses.  

Table I summarizes the basic stress limits and shows the 
multiples of yield strength and ultimate strength which these 
limits do not exceed.  
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TABLE I. BASIC STRESS INTENSITY LIMITS 

Tabulated Yield Ultimate 
Stress Intensity Value Strength Tensile Strength 

General primary membrane Sm <'2/3Sy 1 1/3Su 
(pm) 

Local primary membrane 1.BSm Sy .1/
2Su 

(PI) 

Primary membrane plus 1 .5Sm 2 Sy 1 1/2Su 
bending (PI + Pb) 

Primary plus secondary 3Sm 22Sy < Su 
(PI + Pb + Q) 

Stresses Above Yield Strength 

The primary criterion of the structural adequacy of a design, 
is that the stresses, as determined by calculation or 
experimental stress analysis, shall not exceed the specified 
allowable limits. It frequently happens that both the 
calculated stress and allowable stress exceeds the yield 
strength of the material. Nevertheless, unless stated 
specifically otherwise, it is expected that calculations be 
made on the assumption of elastic behavior.  

Allowable stresses higher than yield appear in the values for 
primary-plus-secondary stress and in the fatigue curves. In 
the case of the former, the justification for allowing 
calculated stresses higher than yield is that the limits are 
such as to assure shake-down to elastic action after repeated 
loading has established a favorable pattern of residual 
stresses. Therefore the assumption of elastic behavior is 
justified because it really exists in all load cycles 
subsequent to shake-down.  

In the case of fatigue analysis, plastic action can actually 
persist throughout the life of the vessel, and the 
justification for the specified procedure is somewhat 
different. Repetitive plastic action occurs only as the result 
of peak stresses in relatively localized regions and these 
regions are intimately connected to larger regions of the 
vessel which behave elastically. A typical example is the peak 
stress at the root of a notch, in a fillet, or at the edge of 
small hole. The material in these small regions is 
strain-cycled rather than stress-cycled (as will be discussed 
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later) and the elastic calculations give numbers which have the 
dimensions of stress but are really proportional to the 
strain. The factor of proportionality for uniaxial stress is, 
of course, the modulus of elasticity. The fatigue design 
curves have been specially designed to give numbers comparable 
to these fictitious calculated stresses. The curves are based 
on strain-cycling data and the strain values have been 
multiplied by the modulus of elasticity. Therefore stress 
intensities calculated from the familiar formulas of 
strength-of-materials texts are directly comparable to the 
allowable stress values in the fatigue curves.  

Prevention Against Brittle Fracture 

Pressure vessel components, made of ferritic materials, can 
fail in a brittle fracture mode under certain conditions.  
Primary characteristics of brittle fracture are that the 
failure will be sudden and that there will be little 
deformation prior to failure. The parameters that govern the 
brittle fracture mode are operating metal temperature, material 
toughness, presence of sharp defects and stress state.  

Four different approaches are used in the ASME Boiler and 
Pressure Vessel Code to provide assurance against brittle 
fracture. The four approaches are 1) to require the materials 
to satisfy certain fracture toughness requirements (NB-2330); 
2) to require non-destructive examination of components both 
during fabrication (NB-5000) and during operation (IWB-1000); 
3) hydrostatic testing (NB-6212 and IWB-5000) and 4) analysis 
(NB-3211d).  

Fracture toughness is the single material property that 
characterizes the brittle fracture behavior. Fracture 
toughness requirements, specified in the Code (NB-2331) are 
based on both transition temperature and fracture mechanics 
concepts. In essence, the transition temperature concept is 
based on the marked change in fracture behavior with increasing 
temperature from cleavage fracture to ductile fracture. The 
transition procedure is applied in design by permitting loading 
on the component only at temperatures that are a specified' 
increment higher than the transition temperature. Drop weight 
tests (NB-2321.1) and Charpy V-Notch tests (NB-2321.2) are used 
to define the transition temperature. For the drop weight 
test, the nil-ductility transition temperature (NDT) is defined 
in ASTM E-208-69 as the temperature above which the specimen 
will sustain a specific amount of deformation without complete 
failure. The resulting transition temperatures can be defined 
for the Charpy V-Notch specimen in terms of an energy level, 
the amount of deformation or the fracture appearance.  
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Although the transition temperature procedure has the virtues 
of simplicity, it does not inherently have the capability of 
quantitatively treating the presence of flaws in structures.  
Linear elastic fracture mechanics (LEFM is the more 
quantitative approach to treating the presence of flaws. This 
concept (LEFM) is based on an elastic analysis of the stresses 
in the neighborhood of -the tip of a sharp crack. It is found 
that the stress distributions near the crack tip are similar 
and the stress magnitudes all depend on a single parameter 
termed the stress intensity factor, designated as KI. The 
subscript I designates the opening mode of displacement between 
crack surfaces. The stress intensity factor KI quantifies 
the potential for brittle fracture in terms of the nominal 
tensile stress (() normal to the plane of the crack and the 
characteristic dimension such as crack depth (a) in the general 
form: 

KI - CCTa 

where C is a dimensionless constant dependent on crack 
geometry, ratio of the crack size to the size of the structural 
member and the type of loading (membrane, bending, etc.).  

The basic premise of linear elastic fracture mechanics is that 
unstable propagation of an existing flaw will occur when the 
value of KI attains a critical value designated a KIC* 
KIC is called the fracture toughness of the material. In the 
case jof ferritic materials, it has been found that the 
fracture toughness properties are dependent on temperature and 
on the loading rates imposed. Dynamic initiation fracture 
toughness obtained under fast or rapidly applied loading rates 
is designated KId. Further, in structural steels a crack 
arrest fracture toughness is obtained under conditions where a 
propagating flaw is arrested with a test specimen. The crack 
arrest toughness is designated KIa. Appendix G to Section 
III presents a KIR, reference stress intensity factor as a 
function of temperature based on the lower bound of static 
KIC, dynamic KId, and crack arrest KIa fracture toughness 
values. The derivation of the KIR vs. temperature curve 
shown in Figure 4 is given in WRC Bulletin 175 (1) and 
represents all known KIC, KId and KIa data for A533 grade 
B class 1 plates, A508 class 2 forgings and associated 
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weldments. No available data points for static, dynamic or 
arrest tests fall below the curve given in Figure G-2110.1.  
The value of KI at NDT represents a very conservative 
assumption as to the critical stress intensity vs. temperature 
properties of materials similar to those tested, as related to the measured NDT.  
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FIGURE 4 DERIVATION OF CURVE OF REFERENCE STRESS INTENSITY 
FACTOR (KIR) 

The Code identifies a reference nil-ductility transition 
temperature RTNDT (NB-2331a) to index the KIR curve to the temperature scale. The reference temperature RTNDT is defined (NB-2331) as the greater of the drop weight 
nil-ductility transition temperature or the temperature 60'F less than the 50 ft-lb (and 35 mils lateral expansion 
temperature) as determined from Charpy specimens oriented normal (NB-2332.2) to the rolling direction of the material.  The requirements of Charpy tests at 60'F above NDT serves to weed out nontypical materials and provides assurance of 
adequate fracture toughness at *upper shelf' temperatures. In addition, the requirement of lateral expansion values provides protection from variation in yield strength. Measurement of 
lateral expansion can serve as an index of ductility.  
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The fourth approach, analysis for protection against brittle 
fracture, (NB-3211d) is based on linear elastic fracture 
mechanics (LEFM) discussed in the previous section. NB-3211(d) 
specifies that Appendix G to Section III is an acceptable 
procedure for non-ductile failure prevention. Appendix G is 
based on the principles of LEFM and incorporates the concept of 
postulated flaws and minimum fracture toughness in a 
component. G-2110 identifies the relationship which can be 
conservatively expected between the reference stress intensity 
factor KIR (lower bound of KIc, K d, KIa data) and 
temperature which is indexed to the reference nil-ductility 
temperature RTNDT determined per NB-2331. G-2120 give a 
postulated defect to be used in determining the allowable 
loading. It consists of a sharp surface flaw, perpendicular to 
the direction of maximum stress, having a depth of 1/4 of the 
section thickness over most of the thickness range of interest.  

The assumed shape of the postulated flaw is semi-elliptic, with 
a length six times its depth. In sizing the postulated flaw, 
it was assumed that with the combination of examinations 
required by Section III and the volumetric examination required 
by Section XI, there is a low probability that a defect larger 
than about four times the Code allowable will escape 
detections. G-2200 outlines the recommended procedure for 
protection against nonductile failure for service level A and B 
operating conditions. Within G-2200, G-2214 defines methods to 
calculate stress intensity factors, K1 . G-2215 provides the 
basis for determining allowable pressure at any temperature 
during operating conditions. The requirements to be satisfied, 
and from which the allowable pressure for any assumed rate of 
temperature change can be determined is: 

2Kzi + KIT KIR 

throughout the life of the component at each temperature with 
KIM from G-2214.1, KIT from G-2214.2 and KIR from 
G-2212. The recommended safety factor of 2 on KIM adds to 
the conservatism of the assumptions. Due to its secondary and 
self-releiving nature no safety factor is given for KIT.  
G-2410 relaxes the conservatism by reducing the safety factor 
for KIM to 1.5 during the system hydrostatic testing.  

Appendix A of Section XI uses a procedure based upon the 
principles of linear elastic fracture mechanics for analysis of 
flaw indications detected during inservice inspection. While 
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Section III is a construction code, Section XI provides rules 
for the integrity of the structure during its service life.  
The concepts introduced in Appendix G to Section III are 
carried over to Appendix A of Section XI. Models for flaw 
analysis are given in A-2000 while material property 
considerations are given in A-4000. The concept of fatigue 
crack growth, a small flaw growing to a larger flaw, is 
introduced in A-4300. The KIR curve of Appendix G is 
identified as KIa (A-4200) in Figure A-4200-1. For materials 
subjected to fast neutron fluence, the degradation of the 
material fracture toughness due to irradiation is accounted for 
(A-4400). The analysis of flaw indications detected during 
inservice inspection includes applying the anlyses to service 
levels C and D conditions (A-5300) as well as service level A 
conditions (A-5200).  

Prevention against brittle fracture for ferritic Class 2 and 3 
components are based on transition temperature concepts. Drop 
weight tests (NC 2321.1) and Charpy V-notch tests (NC 2321.2) 
are used to define required toughness levels with the lowest 
service temperature for the ferritic component materials being 
higher with increasing thickness of the component. This 
temperature increment for the components is a function of 
increasing thickness. The heavier sections require a larger 
temperature increment. Charpy V-notch tests (ND 2321) are the 
single transition temperature basis for Class 3 components; the 
temperature increment concept was similarly used. The 
toughness criteria used to establish the specified temperature 
increments considered linear elastic fracture mechanics. NC 
2332 and ND specify that Appendix G to Section III is an 
acceptable alternate procedure for non-ductile failure 
prevention. More detail can be found in (1).  

Design Criteria for Elevated Temperature Service 

The design criteria in Section III for temperatures below the 
creep range are based on time-independent or tensile 
properties. By limiting the service temperatures for each 
alloy through the stresses listed in Table I-1.0, the Section 
III Criteria are not applied where there exists significant 
time-dependent phenomena such as creep and stress relaxation.  

Code Cases 1331-5 (later changed to N-47) introduced design 
criteria for elevated temperature service for Class I 
components. Code Cases N-201 and N-253 were later developed 
for Class CS (Core Support Structures), and Class 2 and 3 
Components, respectively. A more complete version of the 
design criteria for Class 1 components may be found in 
Reference 2 and further discussion in References 3 through 6.  
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. III. FATIGUE ANALYSIS 

One of the important innovations in Section III and Division 2 
of Section VIII as compared to Section I and Division I of 
Section VIII, is the recognition of fatigue as a possible mode 
of failure and the provision of specific rules for its 
prevention. Fatigue has been a major consideration for many 
years in the design of rotating machinery and aircraft, where 
the expected number of cycles is in the millions and can 
usually be considered infinite for all practical purposes. For 
the case of large numbers of cycles, the primary concern is the 
endurance limit, which is the stress which can be applied an 
infinite number of times without producing failure. Similar 
situations may occur in reactor systems; e.g., flow induced 
vibration. Since the endurance limit for Anstenitic Steel, 
Nickel-Chromium-Iron Alloy, Nickel-Iron-Chromium Alloy and 
Nickel-Copper Alloy is greater than 106 cycles, fatigue 
curves are provided to 1011 cycles for these materials. In 
reactor components, however, many of the more signifcant cycles 
are in the range of 103 to 105. Therefore, in order to 
make fatigue analysis practical for pressure vessels, it was 
necessary to develop some new concepts not previously used in 
machine design [7,8].  

Use of Strain-Controlled Fatigue Data 

The chief difference between high-cycle fatigue and low-cycle 
fatigue is the fact that the former involves little or no 
plastic action, whereas failure in a few thousand cycles can be 
produced only by strains in excess of the yield strain. In the 
plastic region large changes in strain can be produced by small 
changes in stress. Fatigue damage in the plastic region has 
been found to be a function of plastic strain and therefore 
fatigue curves for use in this region should be based on tests 
In which strain rather than stress is the controlled variable.  
As a matter of convenience, the strain values used in the tests 
are multiplied by the elastic modulus to give a fictitious 
stress which is not the acutal stress applied but has the 
advantage of being directly comparable to stresses calculated.  
on the assumption of elastic behavior.  

The general procedure used in evaluating the strain-controlled 
fatigue data was to obtain a 'best fit" for the quantities A 
and B in the equation 

where S E 100 + B (1) 
4 100 - A 

E = elastic modulus (psi) 
N = number of cyles to failure 
S - strain amplitude times elastic modulus 
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It is possible to estimate the fatigue properties by taking A 
as the percentage reduction of area in a tensile test, RA, and 
B as the endurance limit, Se.  

The use'of strain instead of stress and the consideration of 
plastic action have necessitated some additional departures 
from the conventional methods of studying fatigue problems. It 
has been common practice in the past to use lower stress 
concentration factors for small numbers of cycles than for 
large numbers of cyles. This is reasonable when the allowable 
stresses are based on stress-fatigue data, but is not advisable 
when strain-fatigue data are used. Fig. 5 shows typical 
relationships between stress, S, and cycles-to-failure, N, from 
(A) strain cycling tests on unnotched specimens, (B) 
stress-cycling tests on unnotched specimens, and (C) 
stress-cvclinq tests on notched specimens. The ratio between 

,o~I A I _T I I a I Iaa 1 I J I 

A: STRAIN- CONTROLL ED TESTS.UNNOTCHED (CROtNATE IS LEE) 
8: STRESS- CONTROLLED TESTS, UNNOTCHED(C:-DINATE IS STRESS.j 
C:STRESS- CONTROLLED TESTS, NOTCHED 

(ORDINATE IS JOMINAL STRFSS) 

CYCE TO STAILURANGNE.  

Ml 
C.  

C'C 

coo 

CYCLCS TO FAILURE~, N 
FIGURE b. Trk#ICAL RELATIONSHIP BETWEEN STRESS, STRAIN, AND 

CYCLES-TO-FAILURE.  

the ordinates of curves (B) and (C) decreases with decreasing 
cycles-to-failure, and this is the basis for the 
commonly-accepted practice of using lower values of K (stress 
concentration factor) for lower values of N. In (C), however, 
although nominal stress is the controlled parameter, the 
material in the root of the notch is really being strain 
cycled, because the surrounding material is at a lower stress 
and behaves elastically. Therefore it should be expected that 
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the ratio between curves (A) and (C) should be independent of N 
and equal to K. For this reason it is recommended in Section 
III and Division 2 of Section VIII that the same value of K be 
used regardless of the number of cycles involved.  

The choice of an appropriate stress concentration factor is not 
an easy one to make. For fillets, grooves, holes, etc., of 
know geometry, it is safe to use the theoretical stress 
concentration factors found in such references as [9] and [10], 
even though strain concentrations can sometimes exceed the 
theoretical stress concentration factors. The use of the 
theoretical factor as a safe upper limit is justified, however, 
since strain concentrations significantly higher than the 
stress concentration only occur when gross yielding is present 
in the surrounding material, and this situation is prevented by 
the use of basic stress limits which assure shake-down to 
elastic action. For very sharp notches it is well known that 
the theoretical factors grossly overestimate the true weakening 
effect of the notch in the low and medium strength materials 
used for pressure vessels. Therefore no factor higher than 5 
need ever be used for any configuration allowed by the design 
rules and an upper limit of 4 is specified for some specific 
constructions such as fillet welds and screw threads. When 
fatigue tests are made to find the appropriate factor for a 
given material and configuration, they should occur in a 
reasonably large number of cycles (>1000) so that the test 
does not involve gross yielding.  

Effect of Mean Stress 

Another deviation from common practice occurs in the 
consideration of fluctuating stress, which is a situation where 
the stress fluctuates around mean value different from zero, as 
shown in Fig. 6. The evaluation of the effects of mean stress 
is commonly accomplished by use of the modified Goodman 
diagram, as shown in Fig. 7 where mean stress is plotted as the 
abscissa and the amplitude (half range) of the fluctuation is 
plotted as the ordinate. The straight line joining the 
endurance limit, Se, (where SN = Se) on the vertical axis 
(point E) with the ultimate strength, Su, on the horizontal 
axis (pbint D) is a conservative approximation of the 
combinations of mean and alternating stress which produce 
failure in large numbers of cycles. A little consideration of 
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FIGURE 6. STRESS FLUCTUATION AROUND A MEAN VALUE 

this diagram shows that not all points below the ."failure" 
line, ED, are feasible. Any combination of mean and alternating stresses which results in a stress excursion above the yield strength will produce a shift in the mean stress which keeps the maximum stress during the cycle at the yield value. This shift has already been illustrated by the strain history shown in Fig. 4. The feasible combinations of mean and alternating stress are all contained within the 45 degree triangle AOB or on the vertical axis above A, where A is the yield strength on the vertical axis and B is the yield strength on the horizontal axis. Regardless of the conditions under which any test or service cycle is started, the true conditions after the application of a few cycles must fall within this region because of combinations above AB have a maximum stress above yield and there is a consequent reduction of mean stress which shifts the conditions to a point on the line AB or all the way to the vertical axis.  
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FIGURE 7. MODIFIED GOODMAN DIAGRAM 
-24-



It may be seen from the foregoing discussion that the value of 
mean stress to be used in the fatigue evaluation is not always 
the value which is calculated directly from the imposed loading 
cycle. ,When the loading cycle produces calculated stresses 
which exceed the yield strength at any time, it is necessary to 
calculate an adjusted value of mean stress before completing 
the fatigue evaluation. The rules for calculating this 
adjusted value when the modified Goodman diagram is applied may 
be summarized as follows: 

Let S' mean - basic value of mean stress (calculated directly 
from loading cycle) 

Smean - adjusted value of mean stress 

Salt - amplitude (half range) of stress fluctuation 

S - yield strength 
y 

If Salt + S mean S Y Smean =S mean 

If Salt + S mean> Sy , and Salt < S S mean S S alt (1) al man y lt y'ma y al 
If Salt 5 S y Smean w 0* 

The fatigue curves are based on tests involving complete stress 
reversal, that is Smean - 0. Since the presence of a mean 
stress component detracts from the fatigue resistance of the 
material, it is necessary to determine the equivalent 
alternating stress component for zero mean stress before 
entering the fatigue curve. This quantity, designated Seq, is the alternating stress component which produces the same 
fatigue damage at zero mean stress as the actual alternating 
stress component, Salt, produces at the existing value of 
mean stress. It can be obtained graphically from the Goodman 
diagram by projecting a line as shown in Fig. 8 from Su 
through the point (Smean, Salt) to the vertical axis. It 
is usually easier, however, to use the simple formula 

S 
Seq 1 alt * (3) 

- mean 
S 
u 

Seq is the value of stress to be used in entering the fatigue 
curve to find the allowable number of cycles.  
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The foregoing discussion of mean stress and the shift which it 
undergoes when yielding occurs leads to another necessary 
deviation from standard procedures. In applying stress 
concentration factors to the case of fluctuating stress, it has 
been the common practice to apply the factor to only the 
alternating component. This is not a logical procedure, 
however, because the material will respond in the same way to a 
given load regardless of whether the load will later turn out 
to be steady or fluctuating. It is more logical to apply the 
concentration factor to both the mean and the alternating 
component and then consider the reduction which yielding 
produces in the mean component. It is important to remember 
that the concentration factor must be applied before the 
adjustment for yielding is made. The following example shows 
that the common practice of applying the concentration factor 
to only the alternating component gives a rough approximation 
to the real situation but can sometimes be unconservative.  
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MEAN STRESS 
FIGURE 8. GRAPHICAL DETERMINATION OF Seq.  
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Take the case of a mater-ial with 80,000 psi tensile strength, 
40,000 psi yield strength and 30 x 106 psi modulus made into 
a notched bar with a stress concentration factor of 3. The bar is cycled between nominal tensile stress values of 0 and 20,000 psi. Common practice would call Smean, the mean stress, 10,000 psi and Salt, the alternating component, (1/2) x 3 x 20,000 - 30,000 psi. The stress-strain history of the material at the root of the notch would be, in idealized form, as shown in Fig. 8. The calculated maximum stress, assuming elastic 
behavior, is 60,000 psi. The basic value of mean stress, 
S mean, is 30,000 psi, but since Salt + S mean 
60,000 psi S Sy and Salt - 30.000,psi < Sy, 

Smean M S - Salt ' 40,000 - 30,000 - 10,000 psi 

and 

S eq 30,000 - 34,300 psi.  
1 - 10 000 

It so happens that, for the case chosen, the common practice 
gives exactly the same results as the proposed method. Thus, the yielding during the first cycle is seen to be the 
justification for the common practice of ignoring the stress concentration factor when determining the mean stress 
component. The common practice, however, would have given the 
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same result regardless of the yield strength of the material, 
whereas the proposed method gives different mean stresses for 
different yield strengths. For example, if the yield strength 
had been 50,000 psi, Smean would have been 20,000 psi and 
Seq by the proposed method would have been 40,000 psi. The 
common practice would have given 34,3000 psi for Seq and too 
large a number of cycles would have been allowed.  

For parts of the structure, particularly if welding is used, 
the residual stress may produce a value of mean stress higher 
than that calculated by the procedure. Therefore it would be 
advisable and also much easier to adjust the fatigue curve 
downward enough to allow for the maximum possible effect of 
mean stress. It will be shown here that this adjustment is 
small for the case of low and medium-strength materials.  

As a first step in finding the required adjustment of the 
fatigue curve, let us find how the mean stress affects the 
amplitude of alternating stress which is required to produce 
fatigue failure. In the modified Goodman diagram of Fig. 7 it 
may be seen that at zero mean stress the required amplitude for 
failure in N cycles is designated SN. As the mean stress 
increases along OC , the required amplitude of alternating 
stress decreases along the line EC. If we try to increase the 
mean stress beyond C , yielling occurs and the mean stress 
reverts to C . Therefore C represents the highest value 
of mean stress which has any effect on fatigue life. Since 
SN in Fig. 7 is the alternating stress required to pryduce 
failure in N cycles when the mean stress is at C , SN is the value to which the point on the fatigue curve at N 
cycles must be adjusted if the effects of mean stress are to be 
ignored. From the geometry of Fig. 7, it can be shown that 

S - S 
S N Sn Su Sy for S N < Sy S - S N u N 
When N decreases to the point where SN S sy, the SN = 
SN and no adjustment of this region of the curve is required.  

Figures 10, 11, and 12 show the fatigue data which were used to 
construct the design fatigue curves for certain materials. In 
each case the solid line is the best-fit failure curve for zero 
mean stress and the dotted line is the curve adjusted in 
accordance with Eq. (4). A single design curve is used for 
carbon and low-alloy steel below 80,000 psi ultimate tensile 
strength because, as may be noted from Fig. 10 and 11, the 
adjusted curves for these classes of material were nearly 
identical. Fig. 12 contains data on austenitic steels and 
other alloys which were not available when the original design 
curve was published.  
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For the case of high-strength, heat-treated, bolting materials, 
the heat treatment increases the yield strength of the material 
much more than it increases either the ultimate strength, Su, 
or the fatigue limit, SN. Inspection of (4) shows that for 
such cases, SN becomes a small fraction of SN and thus the 
correction for the maximum effect of mean stress becomes unduly 
conservative.  

Test data indicate that use of the Peterson cubic equation 

7S S = a3 

8 - 1 + Smean 
S a 
a 

results in an improved method for high strength bolting 
materials, and this equation has been used in preparing design fatigue curves for such bolts (16].  
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High Cycle Fatigue 

Three fatigue curves (A, B, and C) are provided in -Section III 
and Section VIII, Division 2 for Austinetic Steels, 
Nickel-Chromium-Iron Alloy, Nickel-Iron-Chromium Alloy and 
Nickel-Copper Alloy in the range of 106 to 1011 cycles.  

Curve A is derived from the basic code equation 

S = 9,159,000 Nf + 47,350 psi (6) 

using reduction factors of 20 on cycles or 2 on stress and for 
a modulus of 28.3 x 106 psi. It is applicable for an elastic 
analysis when the stress (PL + PB + Q) range is less than 
27,000 psi or for an inelastic analysis (independent of 
stress). By limiting the primary stress range, the major 
loading is under strain control and the residual stresses and 
mean strains induced by prior straining are reduced without 
significant damage and long life is achieved under stable 
inelastic strain.  

Curve B is based on one-half of the average fatigue strength 
data for load controlled tests at 108 cycles. This curve is 
also the value of equivalent alternating stress for zero mean 
load in the code calculation of the reduced allowable 
alternating stress when mean loads are applied. Curve B is 
used for an elastic analysis for weld metal and heat affected 
zones when the major loading is strain controlled and the 
stress (PL + PB + Q) range is less than 27,200 psi or for 
an inelastic analysis.  

Curve C is derived from Curve B using the maximum mean stress 
that can be retained under combined mean strain and alternating 
stress. It is applicable for an elastic analysis when the 
stress (PL + PB + Q) range is greater than 27,200 psi and 
the major loading is stress controlled. It is applicable to 
base metal, welds, and heat affected zones.  

Procedure for Fatigue Evaluation 

The step-by-step procedure for determining whether or not the 
fluctuation of stresses at a given point is acceptable is given 
in detail in Par. NB-3222.4 of Section III and Appendix 5 of 
Section VIII, Division 2. The procedure is based on the 
maximum shear stress theory of failure and consists of finding 
the amplitude (half full range) through which the maximum shear 
stress fluctuates. Just as in the case of the basic stress 
limits, the stress differences and stress intensities (twice 
maximum shear stress) are used in place of the shear stress 
itself.  
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At each point on the vessel at any given time there are three 
principal stresses,(0 1 T 2 , andG 3 and three stress 
differences, o12, S23, and S31* The stress intensity is 
the largest of the three stress differences and is usually 
considered to have no direction or sign, just as for the strain 
energy of distortion. When considering fluctuating stresses, 
however, this concept of non-directionality can lead to errors 
when the sign of the shear stress changes during the cycle.  

Therefore, the range of fluctuation must be determined from the 
difference in the values of the six stress components Ot, 
6I, dre Tits, Tlr, and 7 rt at any two points in time.  
Let prime components denote the difference between stress 
components at the two points in time, e.g.,Qgj, = T-tl 
Tt2. Then a set of principal stress intensity ranges M-l.  
92, and U3) is calculated from the differences i the six 
stress components at the two points in time (Ot , 

1 vr * ThIt lr r andTrt ). The 
alternating stress intensity, Salt, is one-half of the 
largest absolute magnitude of the stress differences; i.e., of 

12 -1 - 27 , S 23 92 %-3 ) 
a-x6 and S 13 "'3 -1 . It is recognized 

that the directions of the principal stresses may change 
between the two points in time. This feature of being able to 
maintain directionality and thus find the algebraic range of 
fluctuation is one reason why the maximum shear stress theory 
rather than the strain energy of distortion theory was chosen.  

When the directions of the principal stresses change during the 
cycle (regardless of whether the stress differences change 
sign), the non-directional strain energy of distortion theory 
breaks down completely. This has been demonstrated 
experimentally by Findley and his associates [ll] who produce 
fatigue failures in a rotating specimen compressed across a 
diameter. The load was fixed while the specimen rotated. Thus 
the principal stresses rotated but the strain energy of 
distortion remained constant. The procedure outlined in 
NB-3216.2 of Section III-1 and 5-110.3(b) of Section VIII, 
Division 2, is consistent with the results of Findley's tests 
and uses the range of shear stress on a fixed plane as the 
criterion of failure. The procedure brings in the effect of 
rotation of the principal stresses by considering only the 
changes in shear stress which occur in each plant between the 
two extremes of the stress cycle.  

Cumulative Damage 

In many cases a point on a vessel will be subjected to a 
variety of stress-cycles during its lifetime. Some of these 
cycles will have amplitudes below the endurance limit of the 
material and some will have amplitudes of varying amounts above 
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the endurance limit. The cumulative effect of these various 
cycles is evaluated by means of a linear damage relationship in 
which it is assumed that, if N cycles would produce failure at 
a stress level Sl, then n1 cycles at the same stress level 
would use up the fraction nl/N 1 of the total life. Failure 
occurs when the cumulative usage factor, which is the sum 
nl/Nl + n2/N 2 + n3/N3 + *.. is equal to 1.0. Other 
hypotheses for estimating cumulative fatigue damage have been 
proposed and some have been shown to be more accurate than the 
linear damage assumption. Better accuracy could be obtained, 
however, only if the sequence of the stress cycles were known 
in considerable detail, and this information is not apt to be 
known with any certainty at the time the vessel is being 
designed. Tests have shown [6] that the linear assumption is 
quite good when cycles of large and small stress magnitude are 
fairly evenly distributed throughout the life of the member, 
and therefore this assumption was considered to cover the 
majority of cases with sufficient accuracy. It is of interest 
to not that a concentration of the larger stress cycles near 
the beginning of life tends to accelerate failure, whereas if 
the smaller stresses are applied first and followed by 
progressively higher stresses, the cumulative usage factor can 
be "coaxed' up to a value as high as 4 or 5.  

When stress cycles of various frequencies are intermixed 
through the life of the vessel, it is important to identify 
correctly the range and number of repetitions of each type of 
cycle. It must be remembered that a small increase in stress 
range can produce a large decrease in fatigue life, and this 
relationship varies for different portions of the fatigue 
curve. Therefore the effect of superposing two stress 
amplitudes cannot be evaluated by adding the usage factors 
obtained from each amplitude by itself. The stresses must be 
added before calculating the usage factors. Consider, for 
example, the case of a thermal transient which occurs in a 
pressurized vessel. Suppose that at a given point the pressure 
stress is 20,000 psi tension and the added stress from the 
thermal transient is 70,000 psi tension. If the thermal cycle 
occurs 10,000 times during the design life and the vessel is 
pressurized 1000 times, the usage factor should be based on 
1000 cydles with a range from zero to 90,000 psi and 9000 
cycles with a range from 20,000 psi to 90,000 psi. Another 
example is given in NB-3222.4(e)(5).  

Fatigue Analysis for Primary Plus Secondary Stress > 3Sm.  

One of the principal reasons for the 3Sm limitation on 
primary-plus-secondary stress is to assure shakedown to elastic 
action. If shakedown is not achieved, the fatigue analysis 
procedure becomes questionable. Cases arise in which the 3Sm 
limit is exceeded, but the application is quite safe for 
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limited numbers of cycles. NB-3228.3 gives a procedure for 
allowing primary-plus-secondary stress to exceed 3 Sm but 
assuring safety by taking a penalty on the fatigue analysis.  
This procedure had its origin in the development of detailed 
stress analysis for nuclear power piping components under the 
former USAS 831.7 Nuclear Power Piping Code. In the process of 
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developing that code, the frequently occurring large 
primary-plus-secondary stresses which result in piping 
components gave need for a simplified procedure to evaluate 
these effects. A detailed procedure was implemented into the 
B31.7 code and referenced by ASME Paper 68-PVP-3, listed as 
Reference 19. This development relied on tests of notched bar 
specimens which measured the strain concentrating effect when 
the 3Sm limit was exceeded. Although it was generally agreed 
that the recommended procedures presented in this paper were 
safe and conservative by those who reviewed them in detail, 
further developments of simplified formulas occurred when the 
piping code was combined into III-1. Due to the complexity of 
the elastic-plastic behavior, no simple formula could be 
developed which would accurately represent the entire 
phenomenon.  

In simple terms, the strain concentration phenomenon which 
occurs is illustrated by Figure 13. Here we see a plot of the 
peak strain concentration factor in either a notched member or 
a member with some other type of stress concentration. The 
peak strain concentration remains constant from 0 to A where 
the material behavior is perfectly elastic. At Point A, the 
strain concentration begins to exceed the elastic stress 
concentration, Kt, and continues to rise until some Point B 
is reached at which a maximum strain concentration occurs.  

If deflection is continued, the strain concentration begins to 
drop off as shown in Point C. Langer, in Reference 20, has 
estimated the generalized maximum strain concentration which 
can occur at a point such as B. He illustrates that the strain 
concentration factor Ke is approximately 1/n, where n is the 
strain hardening exponent of the material. This maximum value 
of strain concentration is the basis for the assumed shape of 
the Ke correction factor which appears in the Code. The 
specific Code formula is 

Ke = 1.0 (Sn <3Sm) 

(1) K = 1.0 + 1-n Sn -1 (3Sm <Sn < 3mSm) 
n(m-1) (35m 

K = 1 (Sn / 3mSn) 
n 

This equation quantitatively expresses this strain 
concentration and contains two materials terms, n and m. The m 
term was introduced into the formula in order to produce any 
desired slope on the Ke factor in region A of Figure 14.  
.Thus, the form of equation 1 was selected in order to provide 
two features: 1) a maximum correction for the strain 
concentration of 1/n and, 2) any experimentally observed slope 
of the Ke correction in region A. While the strain-hardening 
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exponent n is easily obtained for the static case by measuring 
the uniform elongation at maximum load during the tensile test, 
such values of n may not reflect accurately the behavior which 
occurs in a fatigue situation. Therefore, the values of n 
which appear in the Code for this procedure are only 
approximate values of the strain-hardening exponent as compared 
with those from a tensile test. There is no straightforward 
method for measuring m without using the results of fatigue 
tests. The method which was used to establish the validity of 
the correction factor Ke supplied by equation 1 for specific 
m and n values was through comparison with fatigue test 
results. Other methods are possible, but a standard method has 
not been developed at the present time. Numerous fatigue tests 
have been run and the results of these tests have been 
published and have demonstrated that the correction predicted 
is conservative for use with the Code.  

References 21 through 26 Illustrate some of the sources of 
verifying the current elastic-plastic design formulas. For 
example, Figure 15 of Reference 22 (reproduced here as Figure 
15) shows a direct comparison between the strain concentration 
factors used in the Code and the values obtained from tests on 
type 304 stainless steel. In the original concept of the 
elastic-plastic correction as presented in Reference 23, a 
limit of 250 cycles is suggested below which no specific 
account was required to assure that ratcheting would be 
negligible. The current rules of III-1 have no such 
limitations; however, it should be noted that in NB-3223.3, 
Paragraph (a), a range of primary plus secondary membrane 
bending stress intensity excluding thermal bending stresses 
must always be less than 3Sm.  

Paragraph (d) requires that the through wall thermal gradient 
effects meet the requirements of NB-3222.5 for ratcheting due 
to pressure and thermal effects. In addition, the values of 
the Ke factor drastically reduce the allowable fatigue life 
cycles. Satisfying these requirements provides assurance that 
a negligible amount of ratcheting can occur; therefore, no 
special requirement for limiting cycles due to ratcheting is 
necessary.  
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Exemption from Fatigue Analysis 

The fatigue analysis of a vessel is quite apt to be one of the 
most laborious and time-consuming parts of the design procedure 
and this engineering effort is not warranted for vessels which 
are not subjected to cyclic operation. However, there is no 
obvious borderline between cyclic and non-cyclic operation. No 
operation is completely non-cyclic, since startup and shutdown 
is itself a cycle. Therefore, fatigue cannot be completely 
ignored, but NB-32222.4 (d) and AD-160 give rules which may be 
used to justify the by-passing of the detailed fatigue analysis 
for vessels in which the danger of fatigue failure is remote.  
The application of these rules requires only that the designer 
know the specified pressure fluctuations, the full range of 
mechanical loads, and that he have some knowledge of the 
temperature differences which will exist between different 
points in the vessel. He does not need to determine stress 
concentration factors or to calculate cyclic thermal stress 
ranges. He must, however, be sure that the basic stress limits 
of NB-3221 and NB-3222 or of 4-131 to 4-134 are met, which may 
involve some calculation of the most severe thermal stresses.  

The rules for exemption from fatigue analysis are based on a 
set of assumptions which provide for an overall conservative 
design and have been proved in practice. These assumptions are: 

1. The worst geometrical stress concentration factor to be 
considered is 2. This assumption is unconservative since 
K = 4 is specified for some geometrics.  

2. The concentration factor of 2 occurs at a point where the 
nominal stress is 3Sm, the highest allowable value of 
primary-plus-secondary stress. This is a conservative 
assumption. The net result of assumptions 1 and 2 is that 
the peak stress due to pressure is assumed to be 6Sm, 
which appears to be a safe assumption for a good design.  

3. All significant pressure cycles and thermal cycles have the 
same stress range as the most severe cycle. This is a 
highly conservative assumption. (A 'significant' cycle is 
defined as one which produces a stress amplitude higher 
than the fatigue strength at 106 cycles).  

4. The highest stress produced by a pressure cycle does not 
coincide with the highest stress produced by a thermal 
cycle. This is unconservative and must be balanced against 
the conservatism of assumption 3.  
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5. The calculated stress produced by a temperature difference 
AT between two points does not exceed 2Ea4T, but the peak 
stress is raised to 4EaAT because of the assumption that a 
K value of 2 is present. This assumption is conservative, 
as evidenced by the following examples of thermal stress: 

a. For the case of a linear thermal gradient through the 
thickness of a vessel wall, if the temperature 
difference between the inside and the outside of the 
wall isAT, the stress is 

= E NT = .715 Ed6T (for V = 0.3) 

b. When a vessel wall is subjected to a sudden change of 
temperature,A T, so that the temperature change only 
penetrates a short distance into the wall thickness, 
the maximum thermal stress is 

SEqAT = 1.43 EMAT (for =0.3 
1-v 

c. When the average temperature of a nozzle isAT degrees 
different from that of the rigid wall to which it is 
attached, the upper limit to the magnitude of the 
discontinuity stress -is 

- 1.83 EVAT (for I= 0.3).  

Thus the coefficient of EUT is always less than the 
assumed value of 2.0 

When the two points in the vessel whose temperatures differ by 
AT are separated from each other by more than 20JT, there is 
sufficient flexibility between the two points to produce a 
significant reduction in thermal stress. Therefore only 
temperature differences between 'adjacent" points need be 
considered.  

Section.VIII, Division 2 also provides the rules for exemption 
from fatigue analysis as does Section III and, in addition, 
provides even simpler and more conservative rules applicable to 
vessels made of materials which have a specified minimum 
tensile strength at room temperature not exceeding 80,000 psi.  
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Experimental Verification of Design Fatigue Curves 

The design fatigue curves are based primarily on 
strain-controlled fatigue tests of small polished specimens. A 
best-fit to the experimental data was obtained by applying the 
method of least squares to the logarithms of the experimental 
values. The design stress values were obtained from the 
best-fit curves by applying a factor of two on stress or a 
factor of twenty on cycles, whichever was more conservative at 
each point. These factors were intended to cover such effects 
as environment, size effect, and scatter of data.  

Since the original publication of the design fatigue curves in 
Section III, various tests and studies have been conducted to 
find whether or not the design curves, developed from small 
laboratory specimens, could be used to design components and 
could be used with confidence. It was found that the curves 
can be used safely provided two possible misapplications are 
avoided.  

1. The designer must be careful not to apply the curves to a 
situation where shakedown is not achieved unless the proper 
fatigue correction factors described in NB-3228.3 are used.  

2. The designer must be sure that the calculated stress used 
to enter the design curve is really the highest stress 
which exists in the structure.  

The appropriateness of the fatigue design curves for pressure 
vessels has been demonstrated by tests conducted by the 
Pressure Vessel Research Committee [27, 29]. In these tests 
12-inch diameter model vessels and 3-foot diameter full-size 
vessels were tested by cyclic pressurization after a 
comprehensive strain gage survey was made of the peak 
stresses. Fig. 16 shows a summary of the PVRC test results 
compared to the recommended design fatigue curve of Section III 
and Section VIII, Division 2 for carbon and low-alloy steel.  
It may be seen that no crack initiation was detected at any 
stress level below the allowable stress, and no crack 
progressed through a vessel wall in less than three times the 
allowable number of cycles. In these tests the membrane stress 
in the vessel walls was up to the yield stress (above Code 
limits) of the material and the life factor undoubtedly was 
reduced by lack of complete shutdown. Greater conservatism is 
indicated from tests in which the membrane stress was within 
the Code limits.  
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FIGURE 16. PVRC FATIGUE TESTS 

Another extensive series of pressure-cycling tests was that 
performed by the British Welding Research Association (29) on 
20-inch diameter vessels one inch thick. The primary purpose 
of these tests was to find the comparative fatigue strengths of 
various non-integral type nozzle reinforcements. Figure 17 
summarizes the results. The stresses plotted here are from 
strain gages on the inner surface of the vessel measuring hoop 
stress at the crotch formed by the intersection of the nozzle 
opening and the vessel. In the majority of tests this crotch 
stress was the one which produced the final failure, and these 
test points plot in a narrow band closely related to the test 
results from plain plate specimens. In some tests, however, 
notably series 11, failure occurred at the periphery of a 
reinforcing pad, where the stress was higher than at the crotch 
due to the sharp change in profile at the fillet weld.  
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Another series of tests aimed specifically at validating the 
design curves for piping design is described in Reference 30.  
The 28 piping components tested included girth welds, elbows 
and tees at room temperature and 550'F. The materials were 
carbon steel, type 304 stainless steel and 2 1/4 CR-1 Mo 
steel. The test results were compared to the design procedures 
specified in NB-3653.6 of Section III (Simplified 
Elastic-Plastic Discontinuity Analysis). The overall 
conclusion was "that the Code rules are adequately 
conservative, particularly at the highest stress conditions.' 

The tests of References 27 through 30 indicate that the ASME 
design curve is a sound guide as long as the peak stress is 
estimated with sufficient care and at the correct location.  

These factors of 2 on stress and 20 on cycles are needed to 
cover a variety of differences between practical components and 
laboratory fatigue specimens, including undetected defects. It 
is important to note, however, that even though all the tested 
components were manufactured with no more than ordinary care 
and good workmanship, most failures were the result of the 
configurations and were caused by predictable stresses, not by 
small defects which eluded the available inspection techniques.  
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IV. SPECIAL STRESS LIMITS 

Paragraph NB-3227 of Section III contains special stress 
limits. These deviations from the basic stress limits are 
provided to cover special Service Loadings or configurations.  
Some of these deviations are more restrictive, and some are 
less restrictive, than the basic limits. In cases of conflicts 
the optical stress limits take precendence for the particular 
situations to which they apply.  

The Service Loadings and Configurations addressed by the 
special limits include: 

(a) Provisions for modifying the stress limits for Bearing 
Loads relative to the distance of the point of load 
application to a free edge (NB-3227).; 

(b) Special stress limits for cross sections loaded in pure 
shear (NB-3227.2); 

(c) Requirements to prevent progressive distortion on 
non-integral connections (NB-3227.3); 

(d) A limit on the sum of the principal stresses (NB-3227.4); 
(e) Special rules to be applied at the transition between a 

vessel nozzle and the attached piping (NB-3227.5); 
(f) A modified Poissons' ratio value to be used when computing 

local thermal stresses (NB-3227.6); 
(g) Special rules to be applied to welded seals such as omega 

and canopy seals (NB-3227.7).  

The consideration with regard to bearing loads in Item (a) is 
that the material does not permanently deform such that bolted 
closures or other similar configurations can become loose 
during operation. The limit of 5y on the bearing stress 
precludes permanent deformation. The limit of 1.5 5y on the 
bearing stress for locations away from edges restricts 
permanent deformation to acceptable values due to the restraint 
of adjacent material.  

Item (b), which addresses sections loaded in pure shear, is a 
modification which takes advantage of the more accurate Von 
Mises criterion instead of the maximum shear stress theory. In 
addition, the linear variation of torsional shear stress on 
solid circular sections is considered through the limit of 
0.85m.  

The requirements for non-integral connections referred to by 
Item (c) reflect the concern that these connections could be 
disengaged as a result of progressive distortion 
(ratchetting). By limitingf-the primary plus secondary stress 
intensities to 5y, this potential condition is avoided since 
the original relationship of the mating parts is maintained on 
each new cycle.  
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Item (d) is included since the *stress intensity, limit used in 
the code is based upon the maximum shear stress criterion, 
there i is no limit on the "hydrostatic component of the 
stress. Therefore, the triaxial stress limit on the algebraic 
sum of the three principal stresses is required for 
completeness.  

Item (e) is included to maintain an addedt degree of structural 
integrity in the vessel when subjected to external loads. Its 
purpose is to ensure that no yielding can be forced upon the 
vessel by the piping.  

The requirements incorporated by the provisions of Item (f), 
relative to the Poisson's ratio value, recognize that when the 
maximum stress is calculated on an elastic basis, it may exceed 
the yield strength of the material. Since the limit of 3Sm 
(NB-3222.2) ensures shakedown, elastic cycling will result 
except in regions containing significant local structural 
discontinuities or local thermal stresses. Therefore, in 
evaluating the local thermal stress, the Code requires the use 
of a modified Poisson's ratio value to properly consider the 
total strain.  

Specially designed welded seals as referenced in Item (g) are 
given special stress limits to recognize that they are designed 
as membranes with strength being provided by a separate device 
such as a bolted joint.  

Thermal Stress Ratcheting 

In addition to the Special Stress Limit just described, there 
are other special requirements defined in paragraph NB-3222.5 
to address the problem of thermal stress ratchetting. As 
previously discussed, the basic stress limits of the Code for 
primary and secondary stress ranges are designed to cause 
shakedown to elastic action in a relatively few cycles. If 
either or both of these exceed their limiting values, then 
shakedown to elastic action may not take place. Instead, some 
increment of plastic deformation will be experienced on cycles 
subsequent to the initial cycle, in one of two ways. Either, 
(i) the magnitude of the increment of plastic deformation will 
decrease with each subsequent cycle, and will eventually cease; 
or, (ii) the magnitude of the increment of plastic deformation 
will remain substantially constant with each subsequent cycle, 
resulting in a more-or-less monotonic accumulation of plastic 
strain. The first of these two states is referred to as plastic 
strain cycling, and leads eventually to shakedown. The second 
of these states is referred to as ratcheting.  
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Miller, in a pioneering paper on the ratchet mechanism in 1 959A 
used a one-dimensional elastic-perfectly-plastic model to 
define simple criteria for establishing the limiting values of 
primary-and secondary stresses which determine whether 
shakedown to elastic action will occur. Miller showed that 
four "regimes' of behavior could be defined, as follows (see 
Figure 15 ).  

1. Elastic Regime (no plastic yielding). In this regime all 
deformations resulting from loads are elastic, and no 
plastic action is experienced. Hence ratcheting cannot 
occur.  

2. Shakedown Regime (plastic flow on initial cycle only).  
This regime is defined by the "shakedown theorem" of 
plasticity, which states that shakedown will occur if and 
only if a state of residual stress can be found such that 
superposition of the applied cycles of load and temperature 
upon this state of residual stress nowhere leads to an 
extension of the yield surface. It is characterized by 
plastic flow on the initial loading cycle, with purely 
elastic action taking place during each subsequent cycle.  

3. Plastic Cycling Regime (plastic flow with each cycle, but 
no ratcheting). Plastic flow occurs on each cycle, but the 
magnitude of the increment of plastic strain decreases with 
each cycle, and finally ceases. Upon cessation of plastic 
strain incrementation, shakedown is achieved.  

4. Ratcheting Regime (monotonic incremental distortion).  
Ratcheting is characterized by a monotonic plastic 
deformation resulting from the succesive application of 
cyclic loads superimposed upon a steady-state (primary) 
load. Plastic flow occurs as the cyclic load is applied, 
followed by only a partial strain reversal during 
unloading, resulting in a monotonic accumulation of plastic 
strain.  

Miller and BreeAhave shown that the boundaries of these stress 
regimes, utilizing the one-dimensional 
elastic-perfectly-plastic (Figure IS ) can be defined by the 
following criteria.  
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FIGURE (e STRESS REGIMES FOR ONE-DIMENSIONAL ELASTIC-PERFECTLY
PLASTIC MODEL 
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The Elastip Regime is defined by 

+ , 1 

Where, m = membrane stress developed by primary load 

Tt = thermal stress resulting from linear temperature 
gradient across wall thickness (see Figure 1-2.3) 

Cy - yield strength of material at mean temperature 

The Shakedown Regime is bounded by 

+-= 1, when 0.5 
Sy 4 gy .  

t 2, when < 0.5 

The Plastic Cycling Regime is bounded by 

07 mt (m = 1, and -- 4 0.5 

The Ratcheting Re 'e existsoutside the bounds establshed by 

The Code rules are established to keep the material in the 

ME wnr e TRIT ~egimes'_or the casws of lndar or 

parabolic temperatdre distributions. The Code rules are also 
written to consider the effects of strain hardening or strain 
softening, in the case of a large number of cycles.  
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V. CREEP AND STRESS RUPTURE 

It is an observed characteristic of pressure vessel materials 
that in' service above a certain temperature, which varies with 
the alloy composition, the materials undergo a continuing 
deformation (creep) at a rate which is strongly influenced by 
both stress and temperature. In order to prevent excessive 
deformation and possible premature rupture it is necessary to 
limit the allowable stresses by additional criteria on 
creep-rate and stress-rupture. In this creep range of 
temperatures these criteria may limit the allowable stress to 
substantially lower values than those suggested by the usual 
factors on short time tensile and yield strengths.  

Code (ANSI B31.1), which extends into elevated temperature 
application, gives allowable values for the thermal stresses 
which are produced by expansion of piping systems and varies 
the allowable stresses with the number of expected cycles.  
However, a complete evaluation of localized and combined peak 
stresses and associated fatigue life assessment is not required.  

As discussed herein, the Code Committee recognized that 
additional design considerations and rules were desired for 
nuclear components. These components would be exposed to 
severe service conditions (e.g., highly cyclic loadings, 
recurring severe thermal shocks) where superior reliability was 
required to offset potentially serious consequences of failure.  
These needs led to the preparation of the design rules in 
Section III, Division 1. Rules to account for creep, 
stress-rupture, or other time-independent failure modes were 
not included in Section III.  

After rules in Section III were initially developed for 
low-temperature design, there was an effort to extend the rules 
to elevated temperature design. By 1963, the first version of 
Case 1331 was approved. Subsequent versions of Case 1331 
appeared, but it was not until 1971 and Case 1331-5 that 
extensive rules and limits were given to address the additional 
failure modes associated with elevated temperature operation.  
Additions and improvements led to the -6, -7 -8 versions of 
Case 1331. With the further preparation of rules for use in 
elevated temperature construction, the Code Case for.elevated 
temperature design was changed to Case 1592, and subsequently 
to N-47.  

Experience in performing stress analysis of nuclear power plant 
components in accordance with the ASME Code Cases for elevated 
temperature service indicated the need for a document, similar 
to this one, to provide the background criteria for the rules 
of these Code Cases. Accordingly, in 1976, the ASME published 
the 'Criteria for Design of Elevated Temperature Class 1 
Components in Section III, Division 1, of the ASME Boiler and 
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Pressure Vessel Code". This publication sets forth the 
criteria, reasoning, and supporting data for existing rules for 
design of Class 1 pressure boundaries of components intended 
for elevated temperature service. The term elevated 
temperature refers to temperatures that exceed those for which 
allowable stress values are given in Section III. The key 
consideration that sets the high temperature rules apart from 
the Section III, Subsection NB (Class 1) design rules is creep 
effects. Unlike Subsection NB design rules, which primarily 
guard against time-independent failure modes, the elevated 
temperature rules are applicable for service conditions where 
creep and other time-dependent effects are significant.  

In nonnuclear applications, the design of pressure boundary 
components for elevated temperature service dates back forth 
five years. Over those years, vessels designed by the rules of 
Section I (Power Boilers) and Section VIII, Division 1 
(Pressure Vessels) of the ASME Code have established a record 
of successful elevated temperature operation.  

This success is due to a combination of factors: (1) the ease 
of inservice inspection for such vessels has made it possible 
to detect incipient failure conditions before gross failure 
could occur, (2) the variety of operating and environmental 
conditions have been successfully addressed outside the Code 
rules by individual engineering effort, and (3) the Code design 
rules have required extra wall thickness for service where 
creep phenomena are significant.  

In Section 10 and Section VIII, Division 1, the design rules 
employ allowable stress criteria which utilize creep rate and 
stress-rupture properties in addition to short-term tensile 
strength properties. However, these Sections doe not have 
mandatory requirements for a detailed stress analysis but set 
the wall thickness necessary to keep the basic hoop stress 
below the tabulated allowable stress, and they rely on the 
design rules for details and the design factor to hold 
secondary bending and high localized stresses at a safe level 
consistent with experience. Even through these Sections employ 
criteria based on the average stress to provide a creep rate of 
0.01% per 1000 hr and the average and minimum stress to produce 
rupture in 105 hr, it is not to be inferred that 105 hr (or 
any definite interval) is the intended design life for such 
construction. The foreward to the ASME Code states that the 
objective of its rules "is to afford reasonably certain 
protection of life and property and to provide a margin for 
deterioration in service so as to give a reasonably long safe 
period of usefulness'. Neither Section I or Section VIII, 
Division 1, have mandatory requirements for a cyclic fatigue 
analysis.  
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VI. DESIGN PHILOSOPHY FOR CLASS 2 AND 3 COMPONENTS 

Division 1 of Section III includes the rules for the design and 
construction of nuclear pressure vessels and is subdivided into 
nuclear code classes 1, 2 and 3. As previously described, the 
design requirements for Class 1 components involve the criteria 
of "design by analysis* where as the design requirements for 
Class 2 and 3 components typically involve the criteria of 
design by geometric rules. Essentially, these geometric rules 
are based on the capacity of the vessel pressure boundary to 
withstand non-cyclic pressure loading and permits the 
establishment of the maximum allowable working pressure based 
solely on a pressure test. The allowance for other loads is 
included by incorporation of a substantial factor of safety 
such as in the deviation of allowable stress as being the lower 
of 1/4 times the ultimate tensile strength or 5/8 times the 
yield strength. However, it is recognized that the designer 
may be required to provide additional design considerations for 
pressure vessels to be used in severe types of service, for 
highly cyclic operation, for service requiring superior 
reliability or where periodic inspection is difficult. For 
these situations, an alternative to these geometric rules is 
provided in Subarticle NC-3200 of Section III for Class 2 
vessel and involves design procedures which are based on 
Division 2 of Section VIII. These alternative procedures, like 
the Class 1 rules of Section III, invoke the maximum shear 
stress yield criterion, but permit the evaluation of stresses 
by rigorous analysis, or in specific cases, the "design by 
formula" approach.  

As discussed in Section II of this criteria document, the 
components of a nuclear power plant may be subjected to a wide 
range of loading conditions, both anticipated and postulated, 
the consequences of which may vary considerable with respect to 
their significance to plant safety. Since 1971, the Code 
provided a four-tiered structure of stress limits for Class 1 
components against which the stresses resulting from various 
loading combinations may be evaluated. These four sets of 
stress limits were identified as service loadings A, B, C, and 
D. However, no comparable foundation existed in 1971 for the 
evaluation of Class 2 and 3 components, although the need had 
long been recognized. That is, Class 2 and 3 components may be 
subjected to loads included in Class 1 under level C or D 
conditions but code design criteria did not exist.  
Accordingly, an ASME Task Group was appointed to formulate 
appropriate criteria of which the recommendations are now 
incorporated in Section III of the code.  
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The Task Group noted that existing geometric rules such as 
those given in Section III for Class 2 and 3 vessels were 
simple yet practical, and would continue to serve 
satisfactorily when dealing with Levels A and B service 
limits. However, the higher combinations of loadings 
associated with Levels C and D service limits would call for at 
least a limited amount of detailed stress analysis.  

Noting that the level C and D conditions may both result in at 
least some local permanent deformation or distortion of the 
pressure boundary, the Task Group recognized that standard 
plant operating procedures would call for the isolation of the 
affected component for examination, and for its repair or 
replacement, as warranted. It was apparent, therefore, that no 
consideration of the long-term effects of such conditions was 
justified, and that secondary stresses due to cyclic thermal 
loads, and the evaluation of cumulative fatigue damage, could 
be ignored. Hence, in handling level C and D conditions, only 
the primary, load-controlled stresses would have to be 
controlled.  

Stress categories and design practices of using geometric rules 
for Class 2 and Class 3 components are based for the most part 
on the maximum normal stress theory. It was decided in general 
to continue to utilize the same yield criteria and related 
analytical methods, on the grounds that their suitability has 
been amply demonstrated by successful experience; 
notwithstanding certain theoretical deficiencies.  

From these considerations, equivalence between Class 1 concepts 
and Class 2 and 3 concepts were developed: 

Class 1 Equivalent Class 2 and 3 

PL L 

b rb 
It should be noted that Pm, PL and Pb are stress 
intensities whereasV? ,(L and QT, are simply principal 
stresses. One notes the absence of Class 1 stress categories Q 
(secondary stress) and F (peak stress). These are not included 
because the Task Force deemed that adequate protection against 
fatigue is furnished by the rules existing in the code for 
design conditions.  

The criteria established by the Task Force is illustrated by 
Table VI-1.  
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TABLE VI-1 - BASIS STRESS LIMITS FOR CLASS 2 

AND CLASS 3 COMPONENTS 

Service Condition Stress Limits(a),(b) max(c),(d) 

Level A(e) C 1.0S 1.0P 
mm 

Level B(e) 1.1S 1.1P 

(0m or TL b ( 1.65S 

Level C T n 1.5S 1.2P 

or L) +* 7b 1.8S 

Level D Qm <2.05 1.5P 

( or L + b 2.4S 

Notes 

a. When applied to pumps and valves, satisfaction of these 
limits does not assure operability or continued function.  

-b. For cast items, a casting quality factor of 1.0 shall be 
assumed in satisfying these stress limits.  

c. Applies to pumps and valves only.  

d. The maximum pressure shall not exceed the tabulated factors 
listed under Pmax times the design pressure of the rated 
pressure at the applicable operating condition temperature.  

e. The potential for local or general buckling shall be 
considered for thin-walled vessels and tanks.  

For those Class 2 vessels designed in accordance with the 
alternate design rule of Subarticle NC-3200, Levels B, C, and D 
Service Limits are handled by means of a factor, "K", applied 
to the basic allowable stress intensity value "Sm", while 
both the local primary membrane stress intensity, PL, and the 
primary membrane-plus-bending stress intensity, (Pm or PL) 
+ Pb, are limited to 1.5 Ok Sm. Applicable values of Ik 
for each service condition are given in Table VI-2.  
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A comparison between the basic stress limit factors of Table 
VI-1, and the corresponding limits shown in Table VI-2, shows 
substantial agreement with the exception of the Level D limit 
on primary membrane-plus-bending stress intensity, which may go 
to (1.5) (2.0) - 3.0 Sm. While this is higher than is 
otherwise permitted for other Class 2 and Class 3 components, a 
limit of 3.0 Sm is permitted for the primary membrane-plus
bending stress intensity in Class 1 piping by the Level D 
condition rules of Appendix F, when the stress intensity is 
calculated by equation (9) of NB-3652. In equation (9), the 
general membrane stress is computed as the hoop stress.  
Provided the same basic procedure is followed for calculating 
the membrane-plus-bending stress intensity in applying the 
above rules to NC-3200, the 3.0 Sm limit appears 
justifiable. Alternatively, the Level D condition rules of 
Appendix F should be followed in their entirety; or, a 
reduction in the value of the "k" factor should be considered.  

TABLE VI-2 

STRESS INTENSITY K-FACTORS CLASS 2 VESSELS, 

ALTERNATIVE DESIGN RULES 

Service Condition k 

Level A 1.0 
Level B 1.1 
Level C 1.2 
Level D 2.0 
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VII. SUMMARY 

The design criteria of Section III and Division 2 of Section 
VIII differ from those of Section I and Division 1 of Section 
VIII in the following respects: 

a. Section III and Division 2 use the maximum shear stress 
(Tresca) theory of failure instead of the maximum stress 
theory.  

b. Section III and the Appendices of Division 2 require the 
detailed calculation and classification of all stresses and 
the application of different stress limits to different 
classes of stress, whereas Section I and Division 1 of 
Section VIII give formulas for minimum allowable wall 
thickness.  

c. Section III and Division 2 require the calculation of 
thermal stresses and give allowable values for them, 
whereas Section I and Division 1 do not.  

d. Section III and Division 2 consider the possibility of 
fatigue failure and give rules for its prevention, whereas 
Section I and Division 1 do not.  

The stress limits for Section III and Division 2 are intended 
to prevent three different types of failure, as follows: 

a. Bursting and gross distortion from a single application of 
pressure are prevented by the limits placed on primary 
stresses.  

b. Progressive distortion is prevented by the limits placed on 
primary-plus-secondary stresses. These limits assure 
shake-down to elastic action after a few repetitions of the 
loading.  

c. Fatigue failure is prevented by the limits placed on peak 
stresses.  
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Enclosure 3 

Additional Information 
to be Provided 

I. Turbine Building 

1. Provide a comparison of correction factors based on the wide-band 
solution and on the narrow-band solution for 2% damping for the 
following: 

Direction Elevation Location Node 
42' Area 2 deck (A-53) 3W, 586, 611 

V 35.5' Area 6 deck (A-60) 29, 71, 86 
E - W 35.5' Area 6 deck (A-61) 29, 71, 86 

2. Provide the direct generation floor spectra ordinate, using envelope input 
spectra and SRSS technique combining responses generated by three ortho
gonal earthquake motions. For example: 

Sle = (S112 + 122 + S13 2) for direction 1.  

3. Provide a comparison of 2% damping floor response spectra between the Bechtel 
and the IMPELL uncorrected envelope spectrum at the locations specified 
in item 1.  

II. Reactor Building 

Provide the following information: 
- Structure and Soil-Foundation Model 
- Dynamic Properties of Fixed-Based Structure Models 
- Foundation Impedance Functions and Compliance Functions in Terms 

of Plots and Calculation Files 
- Earthquake Time Histories 
- Floor response spectra of 2% and 5% damping in terms of plots and 

digitized data for NS, EW and vertical direction at the steam 
generator compartment and at the operating deck 

- Comparison between Bechtel and IMPELL results for 2% damping in 
terms of plots and digitized data for NS, EW, and vertical direction 
at the steam generator compartment and at the operating deck.


