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2.1 Constitutive Relations for Evolutionary Cyclic Plasticity Model 
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2.3 Modeling Fatigue Behavior using Evolutionary Cyclic Plasticity Model 
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2.4 FE Implementation of Evolutionary Cyclic Plasticity Model 
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3 Results from Strain-controlled Tensile/Fatigue Test and Material Parameter 
Estimation Models of 316 SS 

Test ID Test Condition

3.1 Tensile Test and Associated Time/Cycle Independent Elastic-Plastic Material Model Results 
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3.2 Constant-Amplitude Fatigue Test and Associated Cyclic Elastic-Plastic Material Model Results 
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3.3 Variable-Amplitude Fatigue Test and Associated Cyclic Elastic-Plastic Material Model Results 
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3.4 Random-Amplitude Fatigue Test Results 
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4 Results from Analytical Modeling of Constant, Variable, and Random Load Strain-
controlled Fatigue Tests 

4.1 Results from Time-Based Analytical Models
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4.2 Results from Accumulated Plastic Strain Energy (APSE)-Based Analytical Models 
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4.3 Summary of Analytical Modeling Results 

Test 
ID

Amplitude 
type

Experimental
observation

Analytical Modeling

Time-based prediction APSE-based prediction

Stress (MPa) Stress 
(MPa)

Accuracy 
(%)

Stress 
(MPa)

Accuracy 
(%)
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(%)
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5 Results from FE Modeling of Strain-controlled Fatigue Tests 
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5.1 Results from Time-Based 3D-FE Models 
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5.2 Results from APSE-Based 3D-FE Models  
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5.3 Summary of FE Modeling Results and Comparison with Analytical Modeling Results 
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Fatigue test 
type

(amplitude)

Fatigue 
life unit

Experimental Analytical modeling FE modeling

Observed life Predicted 
life

Accuracy 
(%)

Predicted 
Life

Accuracy 
(%)
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6 Stress-Controlled Tensile/Fatigue Tests of 316 SS 
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Test ID Test Condition

6.1 Tensile Test 
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6.2 Fatigue Test 
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6.2.2.1 In-air Tests 
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6.2.2.2 PWR Tests 



 September  2017 

ANL/LWRS-17/03 78 



Final Report on CFD and Thermal-Mechanical Stress Analysis of PWR Surge Line under Transient Condition Thermal 
Stratification and an Evolutionary Cyclic Plasticity Based Transformative Fatigue Evaluation Approach without Using S~N 
Curve 
September  2017 
 

     ANL/LWRS-17/03 
  

79 



 September  2017 

ANL/LWRS-17/03 80 



Final Report on CFD and Thermal-Mechanical Stress Analysis of PWR Surge Line under Transient Condition Thermal 
Stratification and an Evolutionary Cyclic Plasticity Based Transformative Fatigue Evaluation Approach without Using S~N 
Curve 
September  2017 
 

     ANL/LWRS-17/03 
  

81 



 September  2017 

ANL/LWRS-17/03 82 



Final Report on CFD and Thermal-Mechanical Stress Analysis of PWR Surge Line under Transient Condition Thermal 
Stratification and an Evolutionary Cyclic Plasticity Based Transformative Fatigue Evaluation Approach without Using S~N 
Curve 
September  2017 
 

     ANL/LWRS-17/03 
  

83 



 September  2017 

ANL/LWRS-17/03 84 



Final Report on CFD and Thermal-Mechanical Stress Analysis of PWR Surge Line under Transient Condition Thermal 
Stratification and an Evolutionary Cyclic Plasticity Based Transformative Fatigue Evaluation Approach without Using S~N 
Curve 
September  2017 
 

     ANL/LWRS-17/03 
  

85 



 September  2017 

ANL/LWRS-17/03 86 



Final Report on CFD and Thermal-Mechanical Stress Analysis of PWR Surge Line under Transient Condition Thermal 
Stratification and an Evolutionary Cyclic Plasticity Based Transformative Fatigue Evaluation Approach without Using S~N 
Curve 
September  2017 
 

     ANL/LWRS-17/03 
  

87 



 September  2017 

ANL/LWRS-17/03 88 



Final Report on CFD and Thermal-Mechanical Stress Analysis of PWR Surge Line under Transient Condition Thermal 
Stratification and an Evolutionary Cyclic Plasticity Based Transformative Fatigue Evaluation Approach without Using S~N 
Curve 
September  2017 
 

     ANL/LWRS-17/03 
  

89 



 September  2017 

ANL/LWRS-17/03 90 



Final Report on CFD and Thermal-Mechanical Stress Analysis of PWR Surge Line under Transient Condition Thermal 
Stratification and an Evolutionary Cyclic Plasticity Based Transformative Fatigue Evaluation Approach without Using S~N 
Curve 
September  2017 
 

     ANL/LWRS-17/03 
  

91 

7 Results from Analytical Modeling of Stress-Controlled Fatigue Tests of 316 SS 

7.1 Analytical Modeling of In-air Test Cases 
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7.2 PWR Test 
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8 CFD and Thermal-Mechanical Stress Analysis under Transient Conditions 

8.1 CFD and CFD-HT Theoretical Background 
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8.2 Finite Element Model Information 
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8.3 Stand-alone CFD Results 
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8.4 CFD-HT Fluid Structure Interaction Model Results 
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8.5 Stress Analysis Results 
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The finding of totally different 
stress and strain in the case of elastic analysis compared to more realistic elastic-plastic conditions 
questions the accuracy of widely followed fatigue evaluation approaches based on elastic analysis.
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9 Fatigue Life Estimation of SL Pipe based on ANL Developed Fully Mechanistic 
Approach and ASME and NUREG-6909 Mandated S~N Curve based Approaches 

9.1 Fatigue Life Estimation of SL Pipe under Imaginary Strain-Controlled Loading Conditions 

9.1.1 Strain-controlled case elastic-plastic analysis and fully mechanics based life estimation 
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Also note that, no real-world structures are strain-
controlled.
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This type of results indicates that, under multiaxial loading elastic-plastic stress-strain evolution 
and associated damage evolution rate could be substantially different compared to the uniaxial 
condition.  
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9.1.2 Strain-controlled case ASME code and NUREG based life estimation 
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9.2 Fatigue Life Estimation of SL Pipe under Actual Stress-Controlled or Thermal-Mechanical Loading 
Conditions 
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9.2.1 In-air and environmental fatigue lives estimation of SL pipe under out-surge flow condition 
discussed in Section 8.4.1. 
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9.2.2 In-air and environmental fatigue lives estimation of SL pipe under in-surge flow condition 
discussed in Section 8.4.2. 
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10 Summary and Future Study 

10.1  Summary  
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10.2  Future Work  
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Appendix-3B: Supplementary Results for ET-F06 Fatigue Test



Final Report on CFD and Thermal-Mechanical Stress Analysis of PWR Surge Line under Transient Condition Thermal 
Stratification and an Evolutionary Cyclic Plasticity Based Transformative Fatigue Evaluation Approach without Using S~N 
Curve 
September  2017 
 

     ANL/LWRS-17/03 
  

193 



 September  2017 

ANL/LWRS-17/03 194 



Final Report on CFD and Thermal-Mechanical Stress Analysis of PWR Surge Line under Transient Condition Thermal 
Stratification and an Evolutionary Cyclic Plasticity Based Transformative Fatigue Evaluation Approach without Using S~N 
Curve 
September  2017 
 

     ANL/LWRS-17/03 
  

195 



 September  2017 

ANL/LWRS-17/03 196 



Final Report on CFD and Thermal-Mechanical Stress Analysis of PWR Surge Line under Transient Condition Thermal 
Stratification and an Evolutionary Cyclic Plasticity Based Transformative Fatigue Evaluation Approach without Using S~N 
Curve 
September  2017 
 

     ANL/LWRS-17/03 
  

197 



 September  2017 

ANL/LWRS-17/03 198 



Final Report on CFD and Thermal-Mechanical Stress Analysis of PWR Surge Line under Transient Condition Thermal 
Stratification and an Evolutionary Cyclic Plasticity Based Transformative Fatigue Evaluation Approach without Using S~N 
Curve 
September  2017 
 

     ANL/LWRS-17/03 
  

199 



 September  2017 

ANL/LWRS-17/03 200 



Final Report on CFD and Thermal-Mechanical Stress Analysis of PWR Surge Line under Transient Condition Thermal 
Stratification and an Evolutionary Cyclic Plasticity Based Transformative Fatigue Evaluation Approach without Using S~N 
Curve 
September  2017 
 

     ANL/LWRS-17/03 
  

201 



 September  2017 

ANL/LWRS-17/03 202 



Final Report on CFD and Thermal-Mechanical Stress Analysis of PWR Surge Line under Transient Condition Thermal 
Stratification and an Evolutionary Cyclic Plasticity Based Transformative Fatigue Evaluation Approach without Using S~N 
Curve 
September  2017 
 

     ANL/LWRS-17/03 
  

203 



 September  2017 

ANL/LWRS-17/03 204 

Appendix-3C: Supplementary Results for ET-F41 Fatigue Test



Final Report on CFD and Thermal-Mechanical Stress Analysis of PWR Surge Line under Transient Condition Thermal 
Stratification and an Evolutionary Cyclic Plasticity Based Transformative Fatigue Evaluation Approach without Using S~N 
Curve 
September  2017 
 

     ANL/LWRS-17/03 
  

205 



 September  2017 

ANL/LWRS-17/03 206 



Final Report on CFD and Thermal-Mechanical Stress Analysis of PWR Surge Line under Transient Condition Thermal 
Stratification and an Evolutionary Cyclic Plasticity Based Transformative Fatigue Evaluation Approach without Using S~N 
Curve 
September  2017 
 

     ANL/LWRS-17/03 
  

207 



 September  2017 

ANL/LWRS-17/03 208 



Final Report on CFD and Thermal-Mechanical Stress Analysis of PWR Surge Line under Transient Condition Thermal 
Stratification and an Evolutionary Cyclic Plasticity Based Transformative Fatigue Evaluation Approach without Using S~N 
Curve 
September  2017 
 

     ANL/LWRS-17/03 
  

209 



 September  2017 

ANL/LWRS-17/03 210 



Final Report on CFD and Thermal-Mechanical Stress Analysis of PWR Surge Line under Transient Condition Thermal 
Stratification and an Evolutionary Cyclic Plasticity Based Transformative Fatigue Evaluation Approach without Using S~N 
Curve 
September  2017 
 

     ANL/LWRS-17/03 
  

211 



 September  2017 

ANL/LWRS-17/03 212 



Final Report on CFD and Thermal-Mechanical Stress Analysis of PWR Surge Line under Transient Condition Thermal 
Stratification and an Evolutionary Cyclic Plasticity Based Transformative Fatigue Evaluation Approach without Using S~N 
Curve 
September  2017 
 

     ANL/LWRS-17/03 
  

213 



 September  2017 

ANL/LWRS-17/03 214 



Final Report on CFD and Thermal-Mechanical Stress Analysis of PWR Surge Line under Transient Condition Thermal 
Stratification and an Evolutionary Cyclic Plasticity Based Transformative Fatigue Evaluation Approach without Using S~N 
Curve 
September  2017 
 

     ANL/LWRS-17/03 
  

215 



 September  2017 

ANL/LWRS-17/03 216 



Final Report on CFD and Thermal-Mechanical Stress Analysis of PWR Surge Line under Transient Condition Thermal 
Stratification and an Evolutionary Cyclic Plasticity Based Transformative Fatigue Evaluation Approach without Using S~N 
Curve 
September  2017 
 

     ANL/LWRS-17/03 
  

217 



 September  2017 

ANL/LWRS-17/03 218 

Appendix-3D: Supplementary Results for ET-F38 Fatigue Test
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Appendix-3E: Supplementary Results for ET-F40 Fatigue Test
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