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ABSTRACT 

In this paper, a new analysis procedure for LWR (light water reactor) environmental fatigue lifetime of 
nuclear welded structure is proposed based on a structural stress/fracture mechanics approach. Validity of the 
mesh-insensitive structural stress procedure presented by Dong is identified comparing the structural stresses 
calculated for various FE (finite element) models. Fatigue crack initiation cycles are determined by using the 
structural stresses and the fatigue crack growth model considering LWR environmental effect. Also, in order to 
compare the new fatigue analysis procedure with the existing procedures such as Fen methods and Battelle’s 
structural stress/fracture mechanics approach, the fatigue crack initiation cycles are determined by using the 
existing procedures. Environmental fatigue test is also performed to identify validity of the fatigue analysis 
procedures. As a result of comparison of analysis results with test data, it is found that the new fatigue analysis 
based on structural stress/fracture mechanics approach is the most reliable procedure for environmental fatigue. 
Finally, the additional requirements for developing the more reliable and applicable new fatigue analysis 
procedure, which is based on structural stress/fracture mechanics, are presented.  
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1. INTRODUCTION 
In nuclear components and structures, almost all pressure boundary fatigue cracks can be initiated at welded 

joints. Therefore, in order to ensure the structural integrity of nuclear welded structures, the fatigue life has to be 
evaluated by the fatigue analysis procedures presented in ASME B&PV Code Sec.III [1]. However, the fatigue 
analysis procedure in ASME Code Sec.III doesn’t explicitly consider the presence of welded joints. Moreover, a 
consistent characterization of stress concentration effects due to global/local discontinuities on welded joints can’t 
be readily achieved with a peak stress intensity approach in the fatigue analysis procedure because the peak stress 
intensities on welded joints with localized stress gradients are actually dependent on mesh sizes/types. In order to 
ensure the reliability of fatigue analysis results from this procedure, the more detailed numerical analysis for mesh 
sensitiveness of peak stress intensity has been performed or the equivalent linearized stresses from numerical 
analysis are multiplied by theoretical SCF (stress concentration factor) identified as FSRF (fatigue strength 
reduction factor). The former is a time-consuming and inefficient approach. For the latter, the multiplication of 
SCF can ensure the reliability of analysis results because of the conservatism. However, this conservatism can 
cause the fundamental problem at the design and life extension stage because the need to extend the design life and 
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to consider the LWR environmental effect is recently increased. Recently, the various fatigue analysis procedures 
have been developed in order to reduce the conservatism by erasing the uncertainty of analysis results [2-5]. 
Especially, Dong and Hong [5] proposed the two stage crack growth model, which is based on structural 
stress/fracture mechanics approach and need not consider FSRF, and applied it to the calculation of LWR 
environment lifetimes for nuclear welded joints. But, they couldn’t propose the reliable value of LWR 
environmental fatigue crack growth coefficient because it is necessary to perform the troublesome crack growth 
rate testing at a constant SIF (stress intensity factor) range in a given environment.      

In the paper, a new analysis procedure for LWR environmental fatigue lifetime of nuclear welded structure, 
which is based on a structural stress/fracture mechanics approach and need not perform troublesome LWR 
environmental fatigue crack growth rate testing, is proposed. Validity of the mesh-insensitive structural stress 
procedure presented by Dong [2] is identified comparing the structural stress based SCFs calculated for various FE 
models of the welded fatigue test specimens with a semi-circular circumferential notch. Fatigue crack initiation 
cycles are determined by using the structural stresses and the fatigue crack growth model considering LWR 
environmental effect. Also, in order to compare the new fatigue analysis procedure with the existing procedures 
such as Fen methods [6, 7] and Battelle’s two stage crack growth model based on structural stress/fracture 
mechanics approach [5], the fatigue crack initiation cycles are determined by using the existing procedures. 
Environmental fatigue test is also performed to identify validity of the fatigue analysis procedures. As a result of 
comparison of analysis results with test data, it is found that the new fatigue analysis based on structural 
stress/fracture mechanics approach is the most reliable procedure for environmental fatigue. Finally, the additional 
requirements for developing the more reliable and applicable new fatigue analysis procedure, which is based on 
structural stress/fracture mechanics, are presented.  

2. PREVIOUS FATIGUE ANALYSIS PROCEDURES  

2.1 Fen Methods 
The fatigue lives of low-alloy steels are decreased in LWR environment; the reduction in life depends on 

temperature, strain rate, DO (dissolved oxygen) level in water, and sulfur content of the steel [6, 7]. Environment 
fatigue factor Fen is introduced to describe this LWR environmental effect as follows: 

 
env

air
en N

NF = ,                                                                        (1) 

where Nair is fatigue life (cycle) in air and Nenv is fatigue life (cycle) in LWR environment.  
Statistical models based on the existing fatigue S-N data have been developed for estimating fatigue lives of 

low-alloy steel in air [8, 9]. In air, the fatigue data for low-alloy steels are represented by  
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where aε  is applied strain amplitude (%). 
     In LWR environments, Fens [6, 7] are represented by   
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where S is sulfur content (wt %) of the steel, T is temperature (oC), DO is DO level (ppm),  is applied strain 
rate (%/sec).   

⋅

ε

2.2 Battelle’s Two Stage Crack Growth Model 
    With a new definition of the structural stress concept, Dong [2] has developed a robust structural stress 
procedure for analyzing welded joints. The normal structural stress is defined at a location of interest such as 
section A-A at the weld toe in figure 1 with a plate thickness of t. A second reference plane can be defined along 
section B-B in figure 1, along which both local normal and shear stresses can be directly obtained from a FE 
solution. By imposing equilibrium conditions between sections A-A and B-B, the structural stress components, 
membrane stress mσ  and bending stress bσ , must satisfy the following conditions: 
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where δ  is distance (mm) between sections.   
The notch-induced stress intensity behaviors can be conveniently characterized by defining a notch-induced 

stress intensity magnification factor  as follows:  knM
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In the eq. (17),  reflects notch stress concentration effects represented by the self-equilibrating part of the 
actual stress state. K

knM
notch represents the total SIF due to both the structural stress and the local notch stress effects. 

The term Kn represents only the structural stress combination to the SIF. Taking advantage of the definition of the 
stress intensity magnification factor in dimensionless form and assuming power-law forms, Paris’ law can be 
re-written as: 
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where  is fatigue crack growth rate (mm/cycle), the fatigue crack growth coefficient C is determined 
from the fatigue crack growth data in specific environment and condition, the exponent n and m are determined 
respectively as 2 and 3.6 based on crack growth data covering two stage crack growth regimes of short and long 
cracks [5].     

dNda /

 Finally, the fatigue cycle to fatigue crack initiation can be expressed as follows:  
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where  is critical crack depth (mm) to be a fatigue crack initiation basis, C will be replaced by , which is 
a function of rise time, in LWR environment.                                              

ia envC

3. NEW FATIGUE ANALYSIS BASED ON STRUCTURAL STRESSES/FRACTURE MECHANICS 
 APPROACH  

3.1 Fatigue Analysis Model 
Figure 2 shows the welded fatigue test specimen with a semi-circular circumferential notch located on HAZ 

(heat affected zone). Fatigue test specimen is made of low-alloy steel, SA508 Gr.3 Cl.1 and EA3. The welding 
residual stress distributions along the centerline and the tangential line on notch root are measured by hole-drilling 
method. From the measurement results ranged from -13MPa to 17MPa, it is found that the residual stresses are 
insignificant.  

In this study, the fatigue lifetimes of test specimens are evaluated under strain controlled fatigue loading and in 
LWR environment presented in table 1.  

3.2 Calculation of Structural Stresses 
8-node solid element models are used as shown figure 3(a) and (b), illustrating two representative meshes 

with drastically different element sizes. Figure 4 shows the structural stress based SCF values calculated from 
the mesh-insensitive structural stress procedure. As shown in figure 4, it is identified that the structural stress 
calculated from the mesh-insensitive structural stress procedure can serve as an intrinsic stress parameter for 
fatigue analyses because of the mesh-size insensitiveness.  

3.3 Calculation of Stress Intensity Factors  
For a solid cylinder with a semi-elliptical crack of crack shape ratio (=a/c) 0.2, the linear elastic mode I SIF KI 

( mMPa ) can be expressed as follows [10]: 
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where  is crack depth (m), c is crack half width (m), r is cylinder radius (m), crack shape ratio 0.2 is determined 
from the fractographies of fatigue test specimens.  

a

   In order to describe the fatigue crack initiation mechanism more realistically, the SIF has to be calculated 
considering plasticity near crack tip region realistically. The elastic-plastic mode I SIF KJ can be expressed as 
follows [11]: 
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where J is J-integral ( MPa m⋅ ), E is elastic modulus (MPa),  is nominal applied stress (MPa), and  is 
yielding strength (MPa).  

nσ ysσ

3.4 Initial Crack Size and Transition from Microstructurally Small to Mechanically Small Crack 
Tokaji et al. [12] defined crack initiation as the formation of a 10µm deep crack. Gavenda et al. [13] reported 

that in room temperature air, 10µm deep cracks form early during fatigue life, i.e., <10% of fatigue life. In this 
study, based on these results, it is assumed that the initial crack size is 10µm. The previous study results [12, 14, 
15] about transition from microstructurally small to MCs (mechanically small cracks) indicate that crack length for 
transition depends on applied stress and microstructure; actual value may range from 150 to 250µm. Based on 
these results, it is reasonable to assume the transition crack depth to be 200µm. 

3.5 Fatigue Crack Growth Rates 
The growth rate  (mm/cycle) of MSCs (microstructurally small cracks), i.e., from 10 to 200µm, in 

moderate LWR environment can be represented by the following equation [16] using the modified 
Ramberg-Osgood correlation [17] for cyclic stress-strain behavior and a notch-induced stress intensity 
magnification factor:  
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where the strain range ε∆  is the strain range at notch root, fε  is the threshold strain range needed to rupture 

the oxide film and is assumed to be 0.0029 for low-alloy steel,  is the strain rate (%/sec) at notch root.  
⋅

ε
dN |/The growth rate  (mm/cycle) of MCs, i.e., from 200µm to final critical crack depth, in moderate 

LWR environment can be represented by the following relations [16]:  
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3.6 Estimates of Fatigue Crack Initiation Lifetimes 
Fracture mechanics based prediction of life in cycles to final critical crack depth, which is determined as the 

specific crack depth 0.2r when loading capacity is dropped to 25%, can be expressed as follows: 

 ∫∫ +=+=
r

MCMSC
MCMSCf dNda

da
dNda
daNNN

2.0

2.0

2.0

01.0 |/|/
,                                (33) 

795



 

 Copyright © 2005 by SMiRT18 
 

where final critical crack depth 0.2r is identified from the fratographies of fatigue test specimens. 
To investigate the basic adequacy of new proposed procedure based on structural stress/fracture mechanics 

approach, it is necessary to compare with the previous procedures such as Fen methods and Battelle’s two stage 
crack growth model. Table 2 presents the fatigue lives of test specimens predicted by using eqs. (22)~(33). From 
table 2, it is found that the fatigue lives predicted via the new approach show reasonable agreement with the low 
cycle lives predicted using the Battelle’s two stage crack growth model and the ANL’s Fen method not considering 
elastic-plastic compensation factor Ke, and the medium cycle lives predicted using the Higuchi’s Fen method not 
considering Ke. Also, the Fen methods has the sensitive characteristics for FSRF and Ke because peak strains at 
notch root are calculated in accordance with ASME B&PV Code, Sec.III, Subsec.NB, Article NB-3200.    

4. FATIGUE TEST  

4.1 Fatigue Test Specimens and Conditions  
The strain controlled fatigue tests in LWR environment are performed for the smooth specimens shown in 

figure 5 in order to determine  of the Battelle’s two stage crack growth model. Also, to identify the validity 
of fatigue analysis results, the strain controlled fatigue tests of notched specimens in LWR environment are 
performed for the cases presented in table 1. The tests have been performed twice for each case. 

envC

4.2 Fatigue Test Data  
Figure 6 shows the fatigue test results and analysis results of Battelle’s two stage crack growth model for the 

various . As shown in figure 6, it is found that an optimal value of  is 2.4625×10envC envC -13.  
Figure 7 shows the fatigue analysis results and test results for the notched specimens, From figure 7, it is found 

that the new fatigue analysis based on structural stress/fracture mechanics approach has the best agreement with 
the test results over all cycle regions and is the most reliable and least conservative procedure for environmental 
fatigue.  

5. REQUIREMENTS FOR DEVELOPING NEW FATIGUE ANALYSIS PROCEDURE 
In order to develop the more reliable and applicable new fatigue analysis procedure considering LWR 

environment, the followings are required in addition:   
� More extensive analyses and experiments are necessary for application to various materials, welded joints 

and LWR environments with sufficient reliability.  
� The reliability of structural stress/fracture mechanics approach has to be verified under multi-axial, random 

fatigue and thermal fatigue loading. 
� Robust and definite MSC growth models have to be developed because MSC growth is more important for 

high cycle fatigue region.  

6. CONCLUSIONS  
A study on LWR environmental fatigue analysis procedure of nuclear welded structures was performed based 

on the structural stress/fracture mechanics approach. From this study, some major findings are obtained as follows: 
� The structural stress calculated from the mesh-insensitive structural stress procedure can serve as an 

intrinsic stress parameter for LWR environmental fatigue analysis because of the mesh-size insensitiveness. 
� The new fatigue analysis based on structural stress/fracture mechanics approach has the best agreement with 

the LWR environmental fatigue test results over all cycle regions.  
� The new fatigue analysis based on structural stress/fracture mechanics approach is the most reliable and least 

conservative procedure for LWR environmental fatigue.  

REFERENCES 
1. ASME B&PV Committee, ASME B&PV Code, Sec.III, Subsec.NB, Article NB-3200, 2001. 
2. P. Dong, “Structural stress definition and numerical implementation for fatigue analysis of welded joints,” Int. J. 

of fatigue, Vol.23, pp.865-876, 2001. 
3. H. Adib and G. Pluvinage, “Theoretical and numerical aspects of the volumetric approach for fatigue life 

prediction in notched components,” Int. J. of Fatigue, Vol.25, pp.67-76, 2003. 
4. J.S. Kim and T.E. Jin, “A Study on Fatigue Analysis Procedure of Nuclear Welded Structures Based on 

Structural Stress and Fracture Mechanics Approach,” ASME PVP 2004, PVP-Vol. 479, pp.49-55, 2004. 

796



 

 Copyright © 2005 by SMiRT18 
 

5. P. Dong, and J.K. Hong, “A two-stage crack growth model incorporating environmental effects,” ASME PVP 
2004, PVP-Vol. 482, pp.105-113, 2004.  

6. O.K. Chopra, and W.J. Shack, “Methods for incorporating the effects of LWR coolant environments in pressure 
vessel and piping fatigue evaluations,” Proceedings of the 2nd Int. Conference on fatigue of Reactor 
Components, Utah, USA, 2002. 

7. M. Higuchi, et al., “A proposal of fatigue life correction factor Fen for austenitic stainless steels in LWR water 
environments,” ASME PVP 2002, PVP-Vol.439, 2002. 

8. O.K. Chopra and W.J. Shack, “Overview of fatigue crack initiation in carbon and low-alloy steels in LWR 
environments,” J. Pressure Vessel Technology, Vol.121, pp.49-60, 1999. 

9. M. Higuchi, “Fatigue curves and fatigue design criteria for carbon and low alloy steels in high-temperature 
water,” ASME PVP 1999, PVP-Vol. 386, pp.161-169, 1999. 

10. Y. Murakami, Stress Intensity Factors Handbook, Vol. 2, Pergamon Press, 1987. 
11. British Energy, Assessment of the Integrity of Structures Containing Defects, R6, Ver.4, 2000. 
12. K. Tokaji, et al., “The growth of small fatigue cracks in low carbon steel; the effect of microstructure and 

limitation of linear elastic fracture mechanics,” Fatigue Frac. Eng. Mater, Struct., Vol. 9, pp.205-217, 1986. 
13. D.J. Gavenda, et al., “Crack initiation and growth behavior of carbon and low-alloy steels,” Fatigue and 

Fracture 1, ASME PVP 1997, PVP-Vol. 350, ASME, pp.243-225, 1997. 
14. D. Taylor and J.F. Knott, “Fatigue crack propagation behavior of short crack; the effect of micro- structure,” 

Fatigue Frac. Eng. Mater. Struct., Vol.4, pp.147-155, 1981. 
15. N.E. Dowling, “Crack growth during low-cycle fatigue of smooth axial specimens,” ASTM STP 637, 

pp.97-121, 1977. 
16. H.B. Park and O.K. Chopra, “A fracture mechanics approach for estimating fatigue crack initia- tion in carbon 

and low-alloy steels in LWR coolant environments,” ASME PVP 2000, PVP-Vol.410-2, pp.3-11, 2000. 
17. O.K. Chopra and W.J. Shack, Effects of LWR Coolant Environments on fatigue Design Curves of Carbon and 

Low-Alloy Steels, NUREG/CR-6583, ANL-97/18, 1998. 
 
 

Table 1 Fatigue analysis and test condition 
(unit : cycle) 

Loading Condition Environmental Condition Condition 
 

Case  
Applied Strain 

(%) 
Applied Strain 
Rate (%/sec) 

Representative 
Maximum/Mini-
mum Load (kgf)

Temperature 
(oC) 

DO (ppb) 

1 0.4 1850/-4065 
2 0.2 1308/-1627 
3 0.1 

0.4 

814/-679 

316 5 

Note) Applied strain is measured and controlled within strain gauge length.  
 

Table 2 Fatigue lives of test specimens with a semi-circular notch predicted by the new 
procedure based on structural stress/fracture mechanics approach and the existing procedures  

(unit : cycle) 
Fen Methods 

ANL Model Higuchi Model 
VF2) Mesh Not 

Considering FSRF  
VF Mesh Not 

Considering FSRF 

Procedure 
 
 

Case 

New 
Proce- 
dure 

Battelle’s 
Two Stage 

Crack 
Growth 
Model 

(Cenv
1)=2.462

5x10-13) 
Consi- 

dering Ke

Not Consi- 
dering Ke

IM3) Mesh  
Consi- 
dering 

FSRF/Ke 
Consi- 

dering Ke 
Not Consi- 
dering Ke 

IM Mesh  
Consi- 
dering 

FSRF/Ke

1 167 161 16 380 11 33 723 22 
2 4781 989 177 1889 115 342 3567 223 
3 85555 7531 16182 16182 7068 30758 30758 13287 

1) Cenv is determined from the LWR environmental fatigue test data for smooth fatigue specimens.  
2) VF : very fine    3) IM : intermediate 
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Fig. 1 Structural stress calculation procedure for through-thickness fatigue crack 
 

 
Fig. 2 Configuration of fatigue analysis model  

 

   
(a) Very Fine mesh (k=δ/r=0.3122)               (b) Coarse mesh (k=δ/r=0.9909) 

Fig. 3 Finite element mesh for analysis (δ: element size near notch, r: notch radius) 
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Fig. 4 Structural stress based SCF values for various FE models 

 

 
Fig. 5 Configuration of smooth fatigue specimen  
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Fig. 6 Optimization of LWR environmental fatigue crack growth coefficient Cenv  
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Fig. 7 Comparison of fatigue analysis results with test data for notched specimens  

800


