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REPORT SUMMARY 

 
Design and engineering for fatigue are major concerns in piping systems. Stress indices and 
stress intensification factors (SIFs) are used in the design of piping systems that must meet the 
requirements of ASME Section III and ANSI B31.1. This report reviews the effects of torsional 
loading on SIFs and stress indices for girth butt welds in straight pipe.  

Background 
SIFs are fatigue correlation factors that compare the fatigue life of piping components (for 
example, tees and branch connections) to that of girth butt welds in straight pipe subjected to 
bending moments. Stress indices such as C2 and K2 are used to account for fatigue effects 
produced by reversing loads.  

The SIF of 1.0 for butt welds is based on extensive bending tests on carbon steel straight pipe. 
However, no testing has been performed to date to assess the effect of torsion on SIFs and stress 
indices for butt welds in carbon steel straight pipe.  

Objective 
• To develop SIFs and stress indices for girth butt welds subjected to torsion and bending 

Approach 
Existing data used to derive the SIF for girth butt welds were reviewed. Several new fatigue tests 
were performed to establish SIFs and stress indices for torsion and bending conditions. Fatigue 
evaluations were performed for each test, based on the ASME Section III approach to determine 
the value of C2 that yielded a cumulative usage factor of 1.0. 

Results 
An SIF of 1.0 for girth butt welds in piping subjected to bending, as suggested by Markl and 
adopted by ASME Section III and other piping codes, was verified by new fatigue tests. The 
value of the SIF and C2 for girth butt welds for torsional moments can be taken as 0.50. 
Recommendations are also made to modify the ASME Section III equations that use the SIF for 
the calculation of stress to account for torsion and bending. 

EPRI Perspective 
Design for fatigue is a significant concern for any power or process facility. Accurate methods of 
engineering for fatigue are important to ensure cost-effective design, determine root cause 
failures, and evaluate remaining fatigue life of plant designs. This work continues to establish the 
technical justification to allow reductions in current ASME Code stress indices. These and 
associated reductions in design stresses can provide a basis for reducing the scope of ongoing 
pressure boundary component testing and inspection programs for operating nuclear power 

v 
0



 

plants. Examples include reductions in both the inspection scope of postulated high- and 
moderate-energy line break locations and snubber testing. 

Keywords 
ASME Code 
Fatigue 
Piping design and analysis 
Stress intensity factors 
Stress indices 
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ABSTRACT 

Stress intensification factors (SIFs) are fatigue correlation factors that compare the fatigue life of 
piping components to that for circumferential butt welds in straight pipe subjected to bending 
loads, such as thermal expansion. The basis of ASME Section III, Class 2 and Class 3 and ANSI 
B31.1 piping is the fatigue life of girth butt welds in carbon steel pipe. The fatigue life of a 
component should be at least equal to that of butt welds. This report compares the fatigue life of 
butt welds in piping subjected to torsional loadings to the fatigue life when subjected to bending 
moment loadings. As part of this study, tests were performed to establish SIFs and stress indices 
for torsion and bending loading conditions. This effort will serve as the basis for Code change 
suggestions. 
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1  
INTRODUCTION 

1.1 Background 

SIFs (stress intensification factors) are fatigue correlation factors that compare the fatigue life of 
piping components (for example, tees and branch connections) to that of girth butt welds in 
straight pipe subjected to bending moments. The SIF for girth butt welds is defined to be 1.0.  

There are advantages to using welds rather than polished bars or plain unwelded pipe as the 
baseline. Markl [1] discussed the advantages and disadvantages of polished bars, plain unwelded 
pipe, and pipe with girth butt welds and concluded that the butt welded joints in straight pipe 
should be used as the basis for evaluating components such as elbows and branch connections. 

A significant benefit of this approach is that, because the SIF is 1.0, butt welds can be located 
anywhere in the piping system. This differs from ASME Section III, Class 1 [2] piping where the 
butt welds must be specifically qualified and installed according to design drawings. They cannot 
be located at other points in the piping system without calculations that justify that location. 

Markl [1] also provides background information on SIFs. They are based on deflection 
controlled, fully reversed, cyclic bending fatigue tests. Markl used the following equation for the 
SIF, i: 

i = C N-0.2/S         Eq. 1-1 

where:  

 i = stress intensification factor 

C = 245,000 for carbon steel materials 

 N = cycles to failure  

 S = nominal stress amplitude 

Failure was defined as the formation of through-wall cracks and leakage of water through the 
cracks. As noted, the basis of the definition for SIFs was bending tests. This study investigates 
SIFs based on torsional fatigue tests and compares the results to those for bending. 
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Introduction 

1.2 Nomenclature 

Figure 1-1 indicates the basic configuration and loading used in the evaluation of butt weld pipe 
connections. The nomenclature includes the terminology used in the body of this report and in 
the appendices. 

 
Figure 1-1 
Girth Butt Weld in Pipe 

C = constant in Markl�s equation (see Equation 1-1); 245,000 for carbon steel 

C2 = primary plus secondary stress index 

C2b = primary plus secondary stress index for bending 

C2t = primary plus secondary stress index for torsion  

Do = outside diameter of the pipe, in. (mm) 

F = force applied in tests, lbs. (kg) 

i = stress intensification factor 

ib = stress intensification factor corresponding to bending moments 

it = stress intensification factor corresponding to torsion moments 

K2 = peak stress index 

L = distance from load point to failure point in tests, in. (mm) 
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Mx = bending moment about x-axis, in-lb. (J)  

My = torsional moment about y-axis, in-lb. (J) 

Mz = bending moment about z-axis, in-lb. (J)  

N = number of cycles to failure 

Nallowable = number of allowable cycles used in fatigue evaluation (see Equation 2-2) 

r = mean radius of pipe, in. (mm) 

S = nominal stress range, ksi (Pa) 

Salt = alternating stress intensity, ksi (Pa) 

Sb = nominal bending stress, ksi (Pa) 

St = nominal stress given by My/Z, where My is the torsion moment 

t = wall thickness of the run pipe, in. (mm) 

Z = section modulus of the pipe, in3  (mm3) 
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2  
EXPERIMENTAL DATA 

2.1 Introduction 

This investigation is focused on test data that include both previous and new data. This section 
describes the previously available data and the new test data that were developed as part of this 
study. 

2.2 Existing Experimental Data  

The existing test data are applicable to butt welded joints and are described in Sections 2.2.1 
through 2.2.3. 

2.2.1 Markl Test Data on Butt Welded Joints 

Markl [1] summarizes the test data for butt welded joints in straight pipe that were used as the 
basis for developing SIFs. All tests were performed on 4-inch (101-mm) standard carbon steel 
pipe. Tests were performed on approximately 53 specimens (as noted from a graph in Fatigue 
Tests of Piping Components [1]). Because various procedures were used in the manufacture of 
the welds, variance exists in the SIFs obtained from the test data. However, when the results of 
the various methods were compared, �more variation was observed between the strength of 
welds produced by different qualified welders using supposedly identical procedures� [1].  

Fatigue Tests of Piping Components [1] presents test data in the form of a plot of the stress (S) 
versus the number of cycles to failure (N). The plot was copied and enlarged so that the values of 
S and N could be read and evaluated. Because of the small size of the original plot, it is not 
possible to obtain exact values for S and N. However, for the purpose of this evaluation, the 
results are believed to be sufficiently accurate. 

These data consist of three configurations: welds without backing rings, welds with various 
backing rings and welds with recessed backing rings of 10-degree taper. These data points were 
analyzed, and the results are provided in Table 2-1. 

Although some variation was present in the results (as would be expected), the average value of 
the SIF was i = 1.04. The standard deviation of the results is 0.127. This clearly justifies the use 
of an SIF of 1.00 for butt welded joints. 

2-1 
0



 
 
Experimental Data 

Table 2-1 
Markl Test Data Analysis [1] 

Weld Type Number of 
Specimens 

Average 
SIF 

Standard 
Deviation 

Maximum 
SIF 

Minimum 
SIF 

Backing ring 31 1.00 0.110 1.21 0.791 

No backing 
ring 

17 1.05 0.095 1.31 0.927 

Recessed 
taper 
backing ring 

5 1.26 0.106 1.40 1.15 

All tests 53 1.04 0.127 1.40 0.791 

2.2.2 Markl Test Data on Girth Butt Welded Joints Using Welding Flanges 

Markl [3] also contains additional data that are appropriate in evaluating butt welds. The specific 
tests of interest were of welding neck flanges. Because of the welding neck configuration, these 
tests are effectively tests of the girth butt weld. Five tests had normal sized welds, which yielded 
an average SIF of 0.98. In addition, six tests of �minimum welds� had an average SIF of 1.09. 
For these welds, the welders had been instructed to deposit the minimum of weldment that still 
satisfied the appropriate Code requirements. There were six tests run where the pipe had a wall 
thickness of 0.080 inch (2.032 mm) versus 0.237 inch (6.020 mm) for NPS schedule 40 pipe. 
The average SIF for these six tests was 1.06. The average of all 17 tests was 1.05. This also 
supports the use of an SIF of 1.00 for butt weld joints. 

2.2.3 Woods Test Data on Girth Butt Welded Joints Using Welding Flanges 

Woods et al. [4] contains data using 4-inch (101-mm) NPS schedule 40 welding neck flanges of 
6061-T6 (aluminum) material welded to type 304 (stainless steel) pipe. Because of the 
configuration of the specimens, the test is equivalent to testing butt welds in straight pipe. Four 
bending and three torsion tests were performed. Because these specimens were not made of 
carbon steel, the use of Markl�s equation (Equation 1-1) to evaluate the SIFs is not directly 
applicable. The value of �C,� which is 245,000 for carbon steel, is not appropriate. Piping Burst 
and Cyclic Moment Testing and Standardized Flexibility Factor Method [4] suggests a value of 
83,000 for 6061-T6, based on the results of four bending tests, and assumes that the modified 
Markl equation is valid. 

Woods et al. [4] also contains data for the four bending and three torsion tests (see Table 2-2). 
For each test, Table 2-2 lists the equivalent number of cycles to failure and the nominal stress. 
Section 2.3.3 provides additional information on the definition of the equivalent number of 
cycles and nominal stress. 
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Table 2-2 
Woods Test Data on Joints Between 6061-T6 and 304 Pipe [4] 

Bending Tests     

 Test Number N (Equivalent 
Cycles to Failure) 

S (ksi) N-0.2/S 

 4 121 29.0 0.0132 

 5 604 23.1 0.0120 

 6 2123 22.3 0.0097 

 7 2275 16.1 0.0132 

    Average = 0.0120 

     

Torsion Tests     

 8 566 42.9 0.0066 

 9 744 40.9 0.0065 

 10 2356 37.4 0.0053 

    Average = 0.0061 

1 ksi = 6.855 MPa 

The ratio of the average SIF for torsion to the average SIF for bending is given by: 

Average iTorsion/iBending   = (CN-0.2/S)(Torsion)/(CN-0.2/S)(Bending)  

= (N-0.2/S)(Torsion)/(N-0.2/S)(Bending) 

= 0.509 

Woods et al. [4] states that because of the design of the test fixture, for the torsion tests, the 
specimen was also was also subjected to some bending stress. When this additional bending 
stress was added directly to the torsion stress, the value of the Average iTorsion/iBending changes 
from 0.509 to 0.503. 
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2.3 Project Test Program 

As part of this project, eight fatigue tests (four torsion and four bending tests) were performed on 
specimens made of carbon steel. These tests are described in the following sections.  

2.3.1 Test Specimens 

Figure 2-1 shows the basic test specimen design configuration.  

 
Figure 2-1 
Test Specimen 

The specimens were manufactured by Wilson Welding Services, Incorporated, of Georgia. The 
manufacturer was directed to make the welds between the pipe and the flange �industry 
standard.� It was requested that all of the specimens have, as much as possible, the same weld 
configuration. The material used for the specimens was A106, Gr. B. The material certification is 
included in this report as Appendix A. Finally, the welds at the interface of the flange and pipe 
were normal full penetration, in an as-welded condition. The test specimens were labeled  
1 through 4 for the torsion tests and 5 through 8 for the bending tests. 
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2.3.2 Test Performance 

The testing was performed at North Carolina State University. The tests were performed on an 
MTS Systems Corporation Series 3222.31-55 kip Load Frame. A computerized control panel 
provides local, precise operations of the crosshead, hydraulic grips, and actuator. The maximum 
actuator displacement is ±3 inches (76 mm). Programmable servo valves control the loading 
pattern applied to the specimen. 

Built-in loading programs include sinusoidal and triangular waves with the user being able to 
select, within machine limits, the desired amplitude and frequency. The displacement of the 
actuator is measured by a linear variable differential transformer (LVDT). During a test, the 
number of cycles of applied load or displacement is recorded by a digital counter and displayed 
on the MTS console. 

In these tests, the load was sinusoidal with frequencies ranging from 0.3 to 0.5 Hz. Actuator 
displacement was designated as the test control variable. The selection of displacement as the 
control parameter meant that the actuator movement was used by the MTS system for feedback 
in the closed loop controls. This resulted in virtually identical cycles of actuator displacement 
being recorded throughout the duration of each test. The load was measured by a load cell, 
Interface Model 1020AF-25K. The output of the load cell was monitored continuously 
throughout the duration of each test. 

2.3.3 Test Results 

The test data, results, and other information are provided in Appendix B. The tests were 
displacement controlled moment tests and followed the standard approach, corresponding to 
Markl type tests [1] as defined in WRC Bulletin 392 [5]. Each specimen was first tested to 
determine its load deflection curve. The load deflection curve was used to determine the stiffness 
of each specimen and the load applied to the specimen by a given amount of displacement. The 
load deflection curves were determined for loading in both positive and negative directions (up 
and down). Each specimen was then fatigue tested by cycling the deflection in both directions of 
loading by a controlled amount. The cycles to failure were counted in order to determine the 
fatigue life. Failure was defined as the formation of through-wall cracks and leakage of water 
through the cracks. Tables 2-3 provides a summary of the test data. 
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Table 2-3 
Summary of Fatigue Test Results � Girth Butt Welds 

Test Loading 
Type 

Total Cycles 
to Failure 

Equivalent 
Cycles to 

Failure 

S (ksi) SIF (i) C2 

1 Torsion 15,864 3,314 95.1 0.509 0.500 

2 Torsion 7,388 5,183 83.2 0.532 0.516 

3 Torsion 3,499 1,660 109.2 0.509 0.485 

4 Torsion 2,242 2,242 111.9 0.481 0.454 

5 Bending 2,321 2,321 54.3 0.958 0.906 

6 Bending 1,943 1,943 52.8 1.020 0.962 

7 Bending 2,790 2,790 52.7 0.952 0.903 

8 Bending 2,139 2,139 51.7 1.022 0.965 

1 ksi = 6.855 MPa 

As indicated in Appendix B, the value of i is calculated from i = 245,000 N-0.2/S, where  
N = equivalent cycles to failure, and S = M/Z. Z is based on nominal dimensions of the pipe  
(Z = 3.215 in3). After completion of the tests, the specimens were cut up and the diameter and 
thickness measured. This verified the use of the nominal value of Z. When the test has more than 
one loading condition, the value of S is taken as the stress that corresponds to the maximum 
loading condition. The equivalent number of cycles is calculated from  

Neq = Σ (δi/δmax)5 * Ni        Eq. 2-1  

where δmax is the largest deflection and δi is the deflection corresponding to the ith condition. 
These calculations are detailed in the appendices. 

The average SIF for the torsion tests is 0.508. The average SIF for the bending tests is 0.988. The 
ratio of the average torsion SIF to the average bending SIF is 0.514. 

The C2 indices are discussed in the next section. 
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2.3.4 ASME Section III Component Fatigue Evaluation 

Appendix B includes a fatigue evaluation for each test specimen based on the ASME Section III 
approach. This evaluation determines the value of C2 that yields a cumulative usage factor (CUF) 
of 1.00, assuming a value of K2 = 1.80 (according to ASME Section III [2]). This evaluation is 
based on an allowable number of cycles from the expression derived from Criteria of the ASME 
Boiler and Pressure Vessel Code for Design by Analysis in Sections III and VIII, Division 2 [6]: 

Nallowable = (8,664/(Salt-21.645))2       Eq. 2-2 

This expression does not include a factor of safety of 2 on stress and 20 on cycles that are part of 
the Section III, Class I, Appendix I, S-N design curves [6].  

Table 2-3 includes the value of C2 that yields a CUF of 1.0, assuming a value of K2 of 1.80. The 
average value of C2 is 0.489 for the torsion tests and 0.934 for the bending tests. The average 
ratio of C2 (torsion)/C2 (bending) = 0.523.  
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3  
CONCLUSIONS 

3.1 Results of Investigation 

The following results were derived from this investigation: 

1. The value of the SIF of 1.0 for girth butt welds in piping, as suggested by Markl [1] and 
adopted by ASME Section III [2] and other piping codes, was verified by the new tests 
described in this report. 

2. The value of the SIF for girth butt welds for torsional moments can be taken as 0.50. This is 
confirmed by Woods et al. [4] for other materials, for example, aluminum welded to stainless 
steel. 

3. The value of C2 for girth butt welds for torsional moments can be taken as 0.50. 

3.2 Conclusions of Investigation 

Typically, in the calculations for Class 1 or 2, ASME Section III uses the same general 
methodology for determining the resultant moment: 

M = (Mx
2+My

2+Mz
2)1/2       Eq. 3-1 

The nominal stress is calculated by:  

S = M/Z         Eq. 3-2 

Assuming that My corresponds to the torsion (see Figure 1-1) and the shear stress is given  
by τ = My/(2Z), then: 

S = (Mx
2+My

2+Mz
2)1/2/Z = [Sb

2+(2τ)2]1/2     Eq. 3-3 

where Sb is the bending stress, calculated by: 

Sb = (Mx
2+Mz

2)1/2/Z        Eq. 3-4 

The maximum shear stress or Tresca theory is inherent in this approach.  
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Conclusions 

Based on this study, the use of Equation 3-3 to calculate the nominal stress, S (which is then 
multiplied by SIFs [for Class 2] or stress indices [for Class 1]) does not work for girth butt 
welds. If it did, the SIFs and C2 indices would be equal for torsion and bending loadings. 
However, as shown in Sections 2.3.3 and 2.3.4, the SIFs and C2 indices for torsion are one-half 
those for bending loads.  

The Code equations that use SIF generally are of the form iM/Z, where M is the resultant 
moment, depending on the type of loading. It is suggested that for pipe (with or without welds), 
this be modified to: 

S = [(ibSb)2+(itSt)2]1/2        Eq. 3-5 

where Sb is the nominal bending stress and is calculated by: 

Sb = (Mx
2+Mz

2)1/2/Z        Eq. 3-6 

St is calculated by: 

St = My/Z         Eq. 3-7 

and where My is the torsional moment, and ib = 1.0 and it = 0.5. 

It is also suggested that for Class 1 analysis, the equations that use C2 be modified in a similar 
manner so that the term that uses C2M/Z (similar to iM/Z) be modified so that C2M/Z is replaced 
by: 

S = [(C2bSb)2+(C2tSt)2]1/2       Eq. 3-8 

And Sb and St are calculated by Equations 3-6 and 3-7. The indices are given by: C2b = 1.0 and 
C2t = 0.50. 

 

3-2 
0



 

4  
REFERENCES 

1. A. R. C. Markl, �Fatigue Tests of Piping Components,� Transactions of the ASME, Vol. 74, 
pp. 287�303 (1952). 

2. ASME Boiler and Pressure Vessel Code, Section III, Nuclear Power Plant Components, 
American Society of Mechanical Engineers, New York, 2001. 

3. A. R. C. Markl, and H. H. George, �Fatigue Tests on Flanged Assemblies,� Transactions of 
the ASME, Vol. 72, pp. 77�87 (1950). 

4. G. E. Woods, E. C. Rodabaugh, and E. G. Reineke, �Piping Burst and Cyclic Moment 
Testing and Standardized Flexibility Factor Method.� Welding Research Council Bulletin, 
Number 463, July 2001.  

5. E. C. Rodabaugh, �Standardized Method for Developing Stress Intensification Factors for 
Piping Components.� Welding Research Council Bulletin, Number 392, June 1994. 

6. Criteria of the ASME Boiler and Pressure Vessel Code for Design by Analysis in Sections III 
and VIII, Division 2, The American Society of Mechanical Engineers, 1969. 

 

4-1 
0



0



 

A  
MATERIAL CERTIFICATION 

 

A-1 
0



 
 
Material Certification 

 
A-2 

0



 

B  
TEST DATA AND RESULTS 

B.1 Overview 

The description of the testing is presented in Section 2, and Table 2-3 contains summaries of the 
results. This appendix contains detailed reports of the test data for each of the tests. Each report 
contains the following: 

1. Load-deflection data sheets for four conditions (positive and negative directions, loading and 
unloading). The sheets are used to determine the linear slope of the load-deflection curves for 
the four loading conditions. 

2. Data that include loads, deflections, etc. The �Modified� columns are intended for cases in 
which adjustments (such as resetting a dial gauge or converting from metric measurements) 
are required for the data collection. 

3. A summary plot of the load-deflection curve and the four straight lines from the load 
displacement data (Item 1 above). This plot indicates the reasonableness of the slope of the 
load-deflection curves. 

4. The fatigue test data analysis, including the displacement amplitude and number of cycles at 
each displacement. Calculations of the SIFs are included. 

5. The fatigue usage factor calculation that determines C2 indices (assuming K2 = 1.8), 
corresponding to a CUF of 1.0 using Equation 2-2: Nallowable = (8,664/(Salt-21.645))2 and the 
general approach followed by ASME Section III.  

For Tests 1 and 2, the test numbers are identified as 1A and 2B: after the initial loading to 
determine the load-deflection information, the tests were restarted because of concern about 
possible slippage in the bolted flanges. The initial load-deflection curves were regenerated. 
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