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EXPERIMENTAL STRESS ANALYSIS AND FATIGUE TESTS 
OF FIVE 12-in. NPS ANSI STANDARD B16.9 TEES 

S. E. Moore S. C. Grigory* 
R. A. Weedt 

ABSTRACT 

Experimental stress analyses and low-cycle fatigue 
tests of five 12-ln. ANSI Standard B16.9 forged tees are 
documented In this report. The tees, designated as Oak 
Ridge National Laboratory (ORNL) tees T-A, T-6, T-7, T-8, 
and T-15, were tested under subcontract at Southwest Re-
search Institute, and the data were analyzed at ORNL. 

Experimental stress analyses were conducted for 13 in-
dividual loadings on each tee, Including Internal pressure 
and 3 mutually perpendicular force and moment loads on the 
branch and on the run. Each test model was instrumented 
with ~220, 1/16-in. three-gage, 45° strain rosettes on the 
body of the tee, and ~10, 1/16-in. two-gage, strain rosettes 
on the pipe extensions. Dial Indicators, mounted on a spe-
cial nonflexlble holding frame were used to measure deflec-
tions and rotations of the pipe extensions. Normalized 
maximum stress intensities for each loading condition on 
each tee are summarized in the text. Complete sets of 
strain-gage data, normalized stresses, and displacement mea-
surements for each tee are given on microfiche in the appen-
dixes. 

Following completion of the strain-gage tests, each 
tee was tested to failure in a fully reversed displacement-
controlled low-cycle fatigue test with an alternating trans-
verse load applied to the branch pipe. The load was di-
rected out of plane for T-4, T-6, T- j, and T-15; and in 
plane for T-7. A constant internal pressure equal to the 
nominal design pressure was maintained during the fatigue 
tests* Failure data from the fatigue tests are summarized 
in the text. 

Keywords: experimental stress analysis, fatigue, nu-
clear piping, piping design, ANSI B16.9 tees. 

1. INTRODUCTION 

This report documents a series of experimental elastic-response 
stress analyses and subsequent low-cycle fatigue-to-failure tests of five 

*Southwest Research Institute-
tMechanics Research Institute. 
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12-in. ANSI Standard B16.9 forged piping tees performed In support of the 
ORNL Piping Program.1 The tests were conducted at Southwest Research In-
stitute (SwRI), and the data were analyzed at Oak Ridge National Labora-
tory (ORNL). The material presented in this report was collected and sum-
marized at Mechanics Research Institute (MRI). 

The ANSI B16.9 tees are a class of commercially available butt-weld-
ing piping products fabricated in accordance with either the ANSI B16.9* 
or Che MSS-SP48 manufacturing standard.2*3 These standards include dimen-
sional and basic strength requirements for the fittings (piping products) 
as well as controls for certain other manufacturing variables. Fabricated 
fittings employing intersection welds, however, are considered as "pipe 
fabrication" and, as such, are specifically excluded. 

In the design rules for nuclear piping systems, ANSI B16.9 tees are 
recognized as a class of piping products distinct from other types of tee 
joints. They are characterized by a smooth transition regiont between the 
branch and run outlets and are normally formed from a segment of straight 
pipe using an external surface die and some means for extruding the branch 
outlet. Ratios of the outside diameter of the branch to the outside di-
ameter of the run (dQ/D0) lie within the range of approximately 1/3 to 1, 
because the manufacturing standards do not Include dimensions for smaller 
reductions. 

The objective of this investigation on ANSI BI6.9 tees was essen-
tially to provide sufficient baseline structural response-to-load informa-
tion to evaluate and/or Improve the adequacy of current design rules and 
criteria for nuclear power plant piping systems as defined in Sect. Ill, 
Dlv. 1, of the ASME Boiler and Pressure Vessel Code (hereinafter referred 
to as the Code).However, because of the fundamental nature of the in-
vestigations, the information obtained will be useful in a much broader 
range of piping system design applications. 

*The American National Standards Institute (ANSI) was formerly the 
American Standards Association (ASA). 

tDlmenslonal details describing the geometry of the transition region 
are not Included in the standard, and it is only because of established 
practice of the major suppliers that we may claim that a smooth transition 
is characteristic of B16.9 tees. 
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Specifically, the objectives of che tests described In this report 
were to obtain sufficient experimental elastic stress-straln-deflection 
data and fatigue-to-fallure results from each tee to make It possible to: 

1. experimentally describe the elastic-stress distributions over the body 
of each tee for Internal pressure and for a complete set of direct 
force and moment loading conditions (13 different loadings); 

2. locate the maximum stresses and determine their magnitudes for each 
loading condition; 

3. determine differences in stress distributions and magnitudes for nomi-
nally identical tees supplied by different manufacturers; 

4. determine the relative importance of transverse shear force and bend-
ing moment loads on tees in a piping system; 

5* provide experimental benchmark data for comparison with analytical 
solutions and photoelastlc model studies; 

6. determine experimental values for the stress indices and flexibility 
factors for individual and combined loading conditions for comparison 
with Code values; and 

7. provide component fatlgue-to-fallure data for compare-son with Code de-
sign criteria and analysis procedures* j 

The experimental stress analyses and low-cycle fatigue tests were 
performed at SwRI on the five 12-in. tees listed in Table 1.1, including 
two full-outlet sched-80 carbon steel tees, one full-outlet sched-160 
stainless steel tee, and two reduclng-outlet sched-40 stainless steel tees 
obtained from three different manufacturers as indicated. The tees were 
off-the-shelf products selected by the manufacturers to represent products 
that would normally be supplied to the builder of a nuclear power plAnt* 
When the tees were received, they were inspected, weighed, and measured in 
the ORNL Inspection Engineering Department. As far as could be deter-
mined, there was nothing unusual about the tees, which were, in fact, 
representative of "standard" products. 

Plastic model replicas of the two sched-40 and two sched-80 tees were 
made in the Laboratory Division, Oak Ridge Gaseous Diffusion Plant, to 
provide hard model records of the shape of the tees and for uses such as 
laying out strain gages and demonstration. Attempts to make a plastic 
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Table 1.1. ORNL. tee designations 

Tee 
No. Nominal size Material0 Manufacturer 

T-4 12 X 12 x 12 In. sched 80 C I 
T-6 12 X 12 x 12 in. sched 80 C III 
T-7 12 X 12 x 12 in. sched 160 SS II 
T-8 12 X 12 x 6 in. sched 40 SS II 
T-15 12 X 12 x 6 in. sched 40 SS I 

aC - A106 Grade B carbon steel; SS - type 304L stainless 
steel. 

model of the sched-160 tee were unsuccessful because of the heavier wall 
thickness and excessive shrinkage of the plastic during curing. 

The tests were conducted at SwRI In accordance with Union Carbide Job 
Specifications JS-115-229 and JS-115-235, which are included in Appen-
dix I. All the design, fabrication, and test work was conducted at SwRI 
In accordance with rather detailed Instructions and guidelines specified 
by ORNL. Prior approval was required for all critical operations, Includ-
ing welding procedures and welder qualifications for the plpe-to-tee 
joints, strain-gage and dial indicator layout and placement, loading fix-
tures and application, strain-gage readings and data reduction, and load-
ing conditions and operation of the fatigue tests. SwRI was responsible 
for the design and construction of the load frames, fabrication of the 
test assemblies, instrumentation and operation of the tests, reduction of 
the raw data to engineering strains and stresses, and transmittal of the 
data to ORNL for further evaluation and analysis. 

Chapter 2 of this report includes a detailed description of the test 
setup and the test procedures used by SwRI. The series of tests performed 
on each tee Included a preliminary brittle lacquer test to establish the 
adequacy of the strain-gage coverage, a series of elastic-response strain-
gage tests, and a low-cycle fatigue-to-failure test. The bulk of the con-
tent of Chap. 2 was abstracted from SwRI test reports.5-9 
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Chapter 3 contains a complete discussion of the results from the 
elastic-response strain-gage tests. The elastic strain-gage data reduc-
tion and analysis procedure Is described in Sect. 3.1. In general, the 
procedure was as follows. The computer code NOSEY*0 was used to check the 
data for linear elastic behavior. Data points that deviated excessively 
from linearity were rejected, and appropriate notations were made in the 
computer program output. Stresses were then calculated and tabulated (in 
normalized form) from tha data that passed the screening tests. Stresses 
calculated using strain data from gages where part of the data had been 
rejected were then checked by the analyst for anomalous behavior and ad-
justed If necessary. The adjustments were based on comparison with re-
sults from load cases and geometries known to give comparable stress solu-
tions. 

The final adjusted results from the elastic-response tests were then 
tabulated, summarized In the form of normalized stress intensities and ex-
perimental stress Indices, and used to construct graphical contour plots 
for easier interpretation. Experimental values for the; individual-load 
stress indices are tabulated and discussed in the body of the text. Be-
cause of the large amount of data obtained from the tests, the majority of 
these data are presented In the appendixes on microfiche at the end of the 
report for those readers needing benchmark Information. Results from the 
initial data reduction, screened and tabulated by NOSEY, are given in Ap-
pendix VI. Listings of the final adjusted normalized stress intensities 
for each gage site and each load condition are given In Appendix VII. 
Comparable information is presented graphically in Appendix VIII. Mate-
rials given in Appendix VIII include plots of normalized stress intensity 
vs projected distance along strain-gage lines, stress Intensity vs angular 
distance around the branch, and stress-Intensity contour maps. Except for 
the contour maps, all the adjusted data points are identified in the fig-
ures. A representative set of the data (for Internal pressure) given on 
microfiche in Appendixes VI, VII, and VIII Is Included in Chap. 3. Com-
plete sets of dial indicator displacement data are given on microfiche in 
Appendix IX. 
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Results from the fatlgue-to-failure tests are discussed in Chap. 4. 
The fatigue tests were Intended to provide component failure data within 
the range of 500 to 100,000 cycles using the most severe applied bending 
mode (on the branch) as determined from the experimental stress analysis 
tests. The target failure point selected for all five tees was 7,000 
fully reversed displacement-controlled bending cycles, which corresponds 
to the logsrlthmlc mean between 500 and 100,000 cycles. The tests were 
run with a constant hydroststlc Internal pressure equal to the maximum 
Code-allowable design pressure for the pipe extensions and a cyclic bend-
ing load based on the maximum stresses obtained from the experimental 
stress analyses. Failure was defined as a through-the-wall crack in the 
tee (or In one of the plpe-to-tee welds) as evidenced by a pressure leak. 
Results from the fatigue tests are tabulated and discussed in the text. 

Results from both the elastlc-resporie and fatigue tests, along with 
similar data from 24-ln. ANSI B16.9 tees, will be used in a separate re-
port to discuss the adequacy of current ASME Code procedures for the de-
sign of nuclear power plant piping systems. 
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2. TEST DESCRIPTION 

The test work description given in this chapter is divided into three 
general categories: preparation of the test assemblies (models) and load-
ing frames, performance of the static elastic-response tests, and perfor-
mance of the low-cycln fatigue teBts. Each subject i* discussed in detail 
in the following sections. 

2«1 Test Assembly and Loading Frame Preparation 

General preparations for conducting the tests included fabrication of 
two test frames and construction and instrumentation of each of the test 
models. Each step was carried out as carefully and precisely as possible. 

Logistics for testing the five tees listed earlier In Table 1.1 re-
quired setting up both the test facility and a separate facility for model 
fabrication. The test work was actually conducted at SwRI under two sepa-
rate subcontracts, the first of which called for fabricating and testing 
four tees (T-4, T-6, T-8, and T-15) within one year. The experimental 
analysis for T-7 was added later under the second subcontract. The test 
program for each of the 5 tees was to include experimental stress analyses 
for 13 loading conditions and a low-cycle fatigue test to failure. To 
meet the time requirements, two test frames were constructed so that ex-
perimental stress analysis and fatigue testing could be conducted simulta-
neously. When all the experimental stress analyses were completed, both 
test frames were used for fatigue testing. 

When it was decided to add T-7, the sched-160 tee, to the test pro-
gram, work for the other tees had been in progress for nearly 10 months. 
The two test frames that had been constructed earlier were sufficiently 
overdeslgned so that only minor modifications were needed to provide the 
higher loads required to test the heavier tee. However, there were other 
unique problems that had to be overcome. One of these was the unavail-
ability of sched-160, type 304L stainless steel pipe because of long de-
livery quotations and minimum quantity requirements. Consequently, the 
T-7 test assembly was fabricated using 6-in.-long stainless steel pipe 
stubs welded to the tee, with the remainder of the branch and run pipe 
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extensions fabricated from carbon steel pipe* The 6-in.-long pipe stubs 
(also needed for other reasons described later) were made from 1.5-in.-
thick, type 304L stainless steel plate. There was a sufficient quantity 
of this material on hand at SwRI to fabricate five 6-in.-long pipe stubs, 
two of which were used to qualify the welder and welding procedures. Full 
dstails of the fabrication and testing schedule are given in Appendix II. 
In some cases it was possible to carry out some of the tasks simulta-
neously. 

2.1.1 Strain-gage layout 

A general scheme was established for strain-gage layout that would 
give ample coverage of two quadrants of each tee with matching gages on 
the inside and outside surfaces to determine the maximum stresses for any 
one of the 13 different loading conditions and for both the membrane and 
bending stress distributions. Particular attention was given to the in-
strumentation of the branch-run transition region and to the problem of 
locating gages on the inside surface "back to back" with the gages on the 
outside. 

Two terms must be defined here to adequately describe the gage lay-
out. The term "crotch line" is used to denote a line lying along the ap-
proximate root of the transition region between the branch and run of the 
tee. The term "gage line," or line," is used to denote a line on the 
outside surface of the tee formed by the intersection of a diametrical 
plane through the branch at an angle of $ degrees from the longitudinal 
plane of the tee. At the crotch line, the gage line changes direction so 
that it intersects circumferential lines on the run at an angle of tp • 
(90 — degrees, as shown schematically in Fig. 2.1. For each tee, gage 
lines were located in the <p - 0° to 90° quadrant and in the 160° to 270° 
quadrant at 22.5° intervals. Ten three-gage strain rosettes were spaced 
more or less uniformly along each gage line with one of the rosettes 
always located on the intersection of the $ line with the crotch line. 
The crotch line was also instrumented with an extra rosette midway between 
each $ line. Isometric views of the gage layout for the 0° to 90° quad-
rant of the full-outlet tee T-4 and the reduclng-outlet tee T-15 are shown 
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OflNL OWO 83 6/00 ETO 

Fig. 2.1. Scraln-g8ge line nomenclature. 

In Figs. 2.2 and 2.3, respectively. A complete set Cor each tee is given 
In Appendix III. 

Strain-gage positions for the inside surface were located by passing 
a line through each outside gage position normal to the mldplane of the 
shell (tee). For the models containing T-4, T-6, T-8, and T-15, cross 
sections of the tee at the 0° • line and the 45° 4> line were outlined by 
sectioning plastic models of the respective tees. For T-7, the cross sec-
tions at the 0° <t> line and the 45° $ line were outlined by trimming card-
board until a good fit was obtained on the inside and outside surfaces and 
then spacing the cardboard pieces to match thickness measurements on the 
cylinder walls. Although this procedure gave adequate results, a plastic 
model would have made the job easier. This procedure was necessary to es-
tablish the "normal to the mldplane" in the crotch area where the geometry 
was too complicated to be treated analytically. 

After the strain-gage positions were determined, their locations were 
measured in three-dimensional XYZ coordinates and recorded. These "exact" 
locations are given for each tee in Appendix III. For accurate determina-
tion of the XYZ coordinates at each gage site, the tees were placed on a 
precision plane table, as shown in Fig. 2.4, and the elevation of each 



Fig. 2.2. Strain-gage rosette locations for 0° to 90° quadrant of T-4. 



Fig. 2.3. Strain-gage rosette locations for 0° to 90° quadrant of T-15. 
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Fig. 2.4. Determination of XYZ coordinates of strain-gage rosette 
locations on a B16.9 tee. 
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gage position was measured relative to a reference point on the tee with a 
vernier height gage. A simple but time-consuming procedure accurately lo-
cated the rosettes on the inside surface relative to those on the outside 
surface and also established the XYZ coordinates. Reference marks at 0°, 
90°, 180°, and 270° around the branch outlet plus three marks in a 
straight line across the bottom, as shown In Fig. 2.5, had previously been 
stamped on the tees. Combinations of these seven reference points were 
used to define planes passing through the intersection of the axes of the 
branch and run. 

The strain-gage rosettes used throughout the test program were Micro-
Measurement type EA-06-062RP-120, option W for the carbon steel tees (T-4 
and T-6) and type EA-09-062RP-120, option W for the stainless steel tees 
(T-7, T-8, T-15). Each strain rosette consists of three l/16-ln.-long 
temperature-compensated gages oriented at 45° angles and numbered counter-
clockwise (f'or these tests). Gage 2 (the center gage) was positioned to 
measure strain in the direction of the $ line or the crotch line on which 

ORNL-DWO 83-5793 ETD 

O - O R N L M A R K S 

Fig. 2.5. Location of marks used for identifying reference planes 
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it was placed. The gages were bonded to the surface with Eastman 910 ce-
ment. The XYZ coordinates for each rosette are referenced to the center 
of gage 2. 

The direction of the principal stresses that are presented later in 
this report is given relative to the direction of gage 2 (i.e., along a <J> 
line or crotch line) with a positive angle being counterclockwise. The 
orientation, the numbering system used for Identification, and the XYZ co-
ordinates of each rosette are given for all five tees in Appendix III. 
Photographs of the gage installation (both inside and outside) in the 0° 
to 90° quadrant of T-4 are shown in Fig. 2.6. As a final check on the ac-
curacy of the strain-gage locations, a set of computer plots was made for 
each tee using the reported coordinates as input. On the basis of the re-
sults of this computer check, a few minor adjustments in the recorded gage 
positions were made. 

2.1.2 Test model fabrication 

Each test assembly consisted of a 12-in. NPS forged ANSI B16.9 piping 
tee, three pieces of 54-in.-long pipe, three 6-in.-long pipe stubs, and 
three 1-ft2 by 3/4-ln.-thick carbon steel plates for end fixtures to which 
loads could be applied. Except for the end plates, the models containing 
T-4 and T-6 were made entirely of sched-80 A106 Grade B carbon steel, and 
the T-8 and T-15 models were made entirely of sched-40 type 304L stainless 
steel. As mentioned esrller, the 54-in. pipes used in the T-7 model were 
made of sched-160 A106 Grade B carbon steel. Because T-4, T-6, and T-7 
are full-outlet tees, 12-in. pipe was used for the branch as well as for 
the run pipe extensions. The minimum and maximum Inside diameters, out-
side diameters, wall thicknesses, and the weights of the 6-in. pipe stubs 
are presented in Table 2.1. Also given are the weights of the tees before 
and after welding and grinding had been completed. Table 2.2 gives the 
corresponding ANSI B36.10 standard nominal dimensions and section proper-
ties of the branch and run pipe extensions.il>12 

The fabrication of the model had to be performed in a manner that 
would permit the Installation of strain gages on the inside surface of the 
tee and on the pipe-to-tee weldment. According to the test specifica-
tions, the plpe-to-tee weld was to be ground flush with the pipe surface 



Fig. 2.6. Strain gages in the 0° to 90° quadrant of T-4. 



Table 2.1. Height and aeasureaent of tees 

T-4 T-6 

Pipe stub Pipe stub Pipe stub Total Pipe stub Pipe fab Pipe stub Total 
No. 1 No. 2 No. 3 weight No. 1 No. t No . 3 weight 

Maxima ID, In. 11.455 11.464 11.450 11.459 11.482 11. 449 
Minima ID, in. 11.351 11.348 11.360 10.871 11.383 11. 336 
Maxima 0D, in. 12.850 12.850 12.830 12.840 12.840 12. 840 
Minima 00, In. 12.800 12.790 12.830 12.810 12.790 12. 800 
Weight of stubs, lb 38.25 38.50 39.10 115.85 38.50 38.50 38. 50 115.5 
Height of tee, lb 248.5 227.5 
Height of tee and 385.0 343.0 
stubs after grind-
ing and welding, lb 

T-7 T-8 

Pipe stuh Pipe stub Pipe stub Total Pipe stub Pipe stub Pipe stub Total 
No. 1 No. 2 No. 3 weight No. 1 No. 2 No . 3 weight 

Maxlaua ID, in. 10.126 10.128 10.127 12.005 6.031 11. 989 
Minima ID, In. 10.125 10.12S 10.125 11.969 6.052 11. 964 
Maxlaua 0D, in. 12.750 12.750 12.750 12.840 6.641 12. 840 
Mlnlaua 00, in. 12.748 12.747 12.748 12.810 625 12. 800 
Height of stubs, lb 66.50 66.5 66.5 199.55 24.00 9.0 24. 5 57.5 
Height of tee, lb 497.5 155.0 
Height of tee and 737.5 215.0 
stubs after grind-
ing and Melding, lb 

T-15 T 
Pipe stub Pipe stub Pipe stub Total 1 © No. 1 No. 2 No. 3 weight 16: 1/16 «v 

1 
Maxlaua ID, In. 12.021 6.087 12.029 
Minima ID, In. 11.931 6.067 11.929 
Maxlaua OD, in. 12.740 6.643 12.760 
Hinlaua 00, In. 12.680 6.623 12.680 
Height of stubs, lb 23.SO 9.00 23.30 
Height of tee, lb 
Height of tee and 
stubs after grind-
ing and welding, lb 

56.0 
143.5 
202.0 
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Table 2.2. Nominal dimensions of 
and run pipe extensions 

branch 

Tee 

OutBide 
(in 

diameter Wall thickness 
(in.) 

Tee 
Run 
< v 

Branch 
< v 

Run 
(Tr) 

Branch 
< v 

T-4 12.750 12.750 0.687 0.687 
T-6 12.750 12.750 0.687 0.687 
T-7 12.750 12.750 1.312 1.312 
T-8 12.750 6.625 0.406 0.280 
T-15 12.750 6.625 0.406 0.280 

Tee 

Moment of 
(in.t 

Inertia 
) 

Cross section area 
(in.2) 

Tee 
Run 
<Ir) 

Branch 
< v 

Run 
(Ar) 

Branch 
< v 

T-4 475.0 475.0 26.04 26.04 
T-6 475.0 475.0 26.04 26.04 
T-7 781.0 781.0 47.14 47.14 
T-8 300.0 28.14 15.74 5.58 
T-15 300.0 28.14 15.74 5.58 

^Nominal pipe dimensions taken from 
Ref. 12. 

in order to install strain gages at the weld joints and to ensure that no 
discontinuity would remain that might cause a fatigue crack to be initi-
ated prematurely during the fatigue test. To accomplish these objectives, 
6-ln.-long pipe stubs were welded to the tee. These extensions permitted 
access to the inside surface of the tee for strain-gage installation and 

* grinding. They also removed the pipe-to-pipe weld far enough from the 
gages so that, with minimum care, the instrumentation would not be damaged 
by the heat from welding. 
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Exceptional weld quality was specified for the pipe-to-tee weldment 
to minimize the possibility of a fatigue crack initiating at the weld 
rather than in the tee during the low-cycle fatigue test. The procedures 
for welding and nondestructive inspection developed to meet these require-
ments are presented in Appendix IV. Note in the welding procedures that 
the metal preparation conforms with Fig. NB-4250-1 of the Code*11 A welder 
was successfully qualified using these acceptance criteria and welding 
procedures, and nondestructive inspections of the pipe-to-tee weldments 
were performed prior to the strain-gage installation* A photograph of T-8 
during the tungsten-inert gas (TIG) welding Is shown In Fig. 2.7. 

After the 6-ln.-long pipe stubs were attached, the tee was placed on 
the precision plane table so that XYZ coordinates for the gage locations 
on the plpe-to-tee weldment cruld be determined. Strain gages were then 
installed on the inside surface of the tee. When this was completed, the 
4.5-ft-long pipe legs were welded to the tee, and the loading fixtures 
were welded to the pipe. Care was taken to keep the interpass temperature 
of the pipe-to-pipe weld down to prevent damage to the strain gages. The 
temperature of the pipe stub 3 in* from the weld was checked after each 
welding pass with a Tempi1stlk wax pencil and was not allowed to exceed 
250°F. 

2.1.3 Test setup 

The model was Installed for testing in a large test frame specifi-
cally designed and constructed for this program. The 12 moment, shear, 
and thrust loads that were to be applied are shown schematically in 
Fig. 2.8. It should be noted that for these loading cases one end of the 
run was fixed (i.e., bolted to the load frame), while the branch and the 
other end of the run were free. The loads were applied one at a time to 
either the branch or the free end of the run with the model supported only 
at the fixed end. For the Internal-pressure case, the model was fixed at 
the load frame, and the free end was supported by bearings to counteract 
the weight of the pressurizing fluid. 

The test frame was designed so that 8-ln.-bore, 12-in.-stroke hydrau-
lic Jacks could be bolted in the various positions required to apply tor-
sion, bending, thrust, and in-plane shear loads. Hydraulic jacks with a 
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Fig. 2.7. T-8 during TIG welding of third pipe stub. 
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Fig. 2.8. Loading nomenclature (all loads positive as shown). 

5-in. bore and 12-in. stroke were used to apply the out-of-plane dhear 
loads. Figure 2.9 shows T-4 in place with two hydraulic jacks set up for 
applying out-of-plane bending on the branch (load case M3X). The channel 
above the fixed end of the run contains the hole pattern where the hydrau-
lic jacks were attached to apply either the torsion (M3Y) or in-plane 
shear (F3X) loads. 

A moment-couple was applied to the end of the branch or run for the 
bending- and torsion-load cases. Because the piston area was smaller on 
the side of the piston rod, a higher pressure was applied to the jack that 
was "pulling" than was applied to the jack that was "pushing" to achieve 
equal and opposite loads. During operation of the tests, two technicians 
were required to manually control the two high-preasure needle valves in 
order to carefully malnttaln a constant load on the model while a third 
technician recorded the data. For the direct-force-load cases, the loads 
could be applied using the same pressure level for both hydraulic jacks; 
consequently, only two technicians were required. 



Fig. 2.9. T-4 prior to brittle coating analysis. 
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The location of the shear vector for applying the transverse-force 
loads F2X, F2Z, F3X, and F3Z was determined by the position of the hydrau-
lic Jack attachments, as shown in Fig* 2.9 for T-4. The distance of these 
vectors from the center of each tee is given in Table 2.3. 

Table 2.3. Distance "L" of the transverse shear vectors 
from the center of each tee? 

Moment arm 
Tee No. 

Moment arm 
T-4 T-6 T-7 T-8 T-15 

Branch (Lb) 77-1/8 79-3/8 77-13/16 77-3/8 76-3/16 
Run (Lr) 77-7/8 77-7/8 78-7/8 77-7/8 77-7/8 

^Distances are in inches. 

To accommodate the hydraulic jacks and tee models, the overall dimen-
sions of the test frames were 25 ft long x 13.5 ft high x 7 ft wide. The 
main load-carrying members were 12 WF 85 beams. Approximately 19 tons of 
steel was used in each frame. The frames were capable of withstanding 
500,000 lb in the F2X node, 200,000 lb in the F3Y mode, 300,000 ft-lb in 
bending, 200,000 ft-lb In torsion, and 100,000 lb in shear. The loading 
frame that was used to test T-7 was reinforced at the positions where the 
torsional-load jacks were attached to the frame. With this modification, 
the structure was able to withstand a 300,000 ft-lb torsional load — a 
100,000 ft-lb capacity Increase over the unrelnforced structure. No other 
changes were made for the T-7 tests. A photograph of one of the test 
frames is shown in Fig. 2.10; fabrication had just been completed when the 
photograph was made, and the frame is lying on its side. 

For each load case, displacements (and rotations) of the pipe exten-
sions were measured for use in determining flexibility factors. Displace-
ments were measured using circular dial Indicators, accurate to the near-
est 0.0005 in. A sketch of the mounting frame for the dial indicators on 
T-7 may be seen in Fig. 2.11. Similar figures for the dial indicator 
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Fig. 2.10. Load frame for testing 12-in. NPS ANSI Standard B16.9 
tees. 
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Fig. 2.11. Location of dial indicators and pipe-leg rosettes for T-7. 
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frames for all five tees are given in Appendix IX. Note that the dial In-
dicator frame is mounted only at the steel ring near the fixed end so that 
all deflections were measured relative to a point on the model. Sixteen 
dial Indicators were monitored. The numbering system used for the dial 
Indicators, their exact locations, and the location of the point at which 
the mounting frame is attached to the model are also shown in Fig. 2.11. 
The dial indicators were carefully and consistently mounted with their 
pointers 15 in. from the center of the pipe. A template was used to lo-
cate these Instruments In lieu of measuring from the outside surface of 
the pipe. Dial Indicator readings were, of course, obtained manually and 
are listed in Appendix IX. 

Strain-gage rosettes were also mounted on the three pipe legs of the 
model to monitor the loads. Figure 2.11 shows the location and identifi-
cation of these rosettes for T-7. Note that two additional rosettes were 
mounted on the bottom of the tee on both the inside and outside surfaces. 
The rosette locations on the pipe legs and on the bottom of the tee were 
given a 400 series designation (i.e., 400-1, 401-2) to distinguish them 
from rosettes in the main array on the tee. 

The strain-gage data were recorded on a B & F Model SY 156 data ac-
quisition system. To speed up reduction of the data, a high-speed paper-
tape punch was installed on the B & F so that data were simultaneously 
printed on adding-machine-type paper and punched on teletype paper tape. 
The printer Information was used for on-line review of the strain data and 
for the permanent record. The teletype paper tape was fed into an IBM 
paper-tape-to-card converter, which quickly transferred the data to IBM 
cards. 

The data acquisition system was only capable of handling 100 strain 
gages at one time, recording data at a rate of five channels per second, 
and printing gage readings directly in strain to the nearest mlcrolnch per 
inch. Because each model contained 681 individual strain gages, it was 
necessary to perform the test for each load condition seven times to ob-
tain a complete set of data. 

The tests were conducted in an air-conditioned laboratory where the 
temperature is maintained at 75°F. The temperature normally does not 
fluctuate more than +2°F there, except when large doors are opened once or 
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twice each day to transfer large equipment. The doors do not remain open 
more than a few minutes at a time, and the air-conditioning system returns 
the laboratory temperature to normal within 15 mln after the doors are 
shut* Because the strain gages and wiring were temperature compensated, 
these occasional temperature fluctuations were not expected to cause ap-
parent readings of more than +5 uin./in. During the early part of the 
testing program, however, NOSEY analysis of the data indicated that the 
effects of temperature variations could be detected. Therefore, the tests 
were rerun with the laboratory doors kept closed, and the doors were not 
opened during all the subsequent tests. 

2.2 Static Load Test Procedure 
t 

Two experimental stress analysis techniques were used in carrying out 
the static load test portions of the program. The firBt was a qualitative 
test using a brittle lacquer coating to determine if the outside strain-
gage layout was adequate. The second was a quantitative test during which 
data were acquired from electrical resistance strain gages located on two 
quadrants of the tee and dial indicators located on the branch and run of 
the test model* 

The brittle lacquer tests were performed on all tees except T-6 and 
T-15. Because T-6 and T-15 were nominally the same as T-4 and T-8, re-
spectively, it was felt that no new information would be obtained by du-
pllcating these efforts. A general description of these tests is given in 
the following paragraphs. A more detailed discussion of the test results 
is given in Appendix V. 

The quantitative tests were performed on each tee and constituted the 
primary portion of the static load test program. The procedure followed 
in performing these tests is described in Sect. 2.2.2. 

2.2.1 Investigation of strain-gage layout adequacy 

The brittle coating test was performed on T-4, T-7, and T-8 primarily 
to determine if the strain-gage layout was adequate. For these tests, a 
Stresscoat-brand brittle lacquer was sprayed on the outer surface of the 
tee. The lacquer sensitivity was 450 |iln./in. for the T-4 test and 
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600 win./in. for the other two tees. Several different loads were applied 
to each tee starting with an out-of-plane bending load on the branch 
(M3X), because it was expected that this loading would produce the highest 
stresses. The loads were applied until cracking was observed, and photo-
graphs were taken before moving to the next load condition. 

Out-of-plane bending loads were applied to the branch in small incre-
ments to a maximum load of 41,000 ft-lb on T-4, 100,000 ft-lb on T-7, and 
14,000 ft-lb on T-8. An out-of-plane shear load was applied in the same 
manner to a maximum of 12,000 lb for T-4, 20,000 lb for T-7, and 12,000 lb 
for T-8. The out-of-plane shear force (F3Z) was applied in a direction 
that gave an effective bending moment (M3X) with an opposite sign from 
that of the applied moment tests indicated in Fig. 2.8. The T-4 tests 
also included application of out-of-plane bending and shear loads (M2Y and 
F2Z) on the run pipe. These loads were not applied to T-7 and T-8 during 
the brittle lacquer tests. 

An evaluation of the results of cach test showed that the strain-gage 
coverage was adequate. Photographs and significant comments relative to 
the brittle lacquer tests are presented in Appendix V. 

2.2.2 Elastic load tests 

Following completion of the brittle coating tests for each tee and 
subsequent review of the test data, strain gages were installed on the ex-
ternal surface of the tees. These gages, together with the gages previ-
ously installed on the internal surface, and the dial indicators consti-
tuted the primary sources of data for the elastic load tests. 

The elastic load tests performed on each tee consisted of a series of 
13 load conditions as illustrated schematically in Fig. 2.8. Prior to any 
of the tests, a loading schedule was established to limit the maximum load 
for any load condition to a value that would generate a nominal stress of 
20,000 psl in the pipe. The maximum load that was actually applied, how-
ever, was limited by the requirement that strains not exceed 1000 pin./in. 
during any test to preclude the possibility of inadvertent yielding. The 
scheduled loads and the maximum loads that were applied are given in 
Table 2.4. Each loading was applied to one-half of the programmed maximum 
load, and then the strain gages were read. If the readings showed that 



Table 2.4. Maxima loads for elastic-response strain-gage tests 

ImI T-4 T-6 T-7 T-8 T--15 
Loan 

condition Scheduled Actual Scheduled Actual Scheduled Actual Scheduled Actual Scheduled Actual 
•axlmntf* •axlauab •axlauaP aaxlaua& •axiKua** •axlauab aaxtouaa aaxtauab aaxiouaP aaxlBinb 

Pressure, pslg 2200 1000 2200 1000 3750 1000 950 600 950 600 
H3X, 1000 ft-lb 123 61.5 123 61.5 202 150 14 7 14 7 
M3V, 1000 ft-lb 246 123 246 92.25 404 150 28c 21 28 21 
M3Z, 1000 ft-lb 123 64 123 64 202 150 14 18 14 18 
P3X, 1000 lb 20 12 20 12 33.9 20 4 3.5 4 3.5 
F3Y, 1000 lb 20" 53 20® 53 33.6C 100 10 24 10° 24 
F3Z, 1000 lb 20 17 20 17 33.9 33.2 4 2 4 2 

H2X, 1000 ft-lb 246 123 246 123 404 150 146 80 146 80 
M2Y, 1000 ft-lb 123 150 123 150 202 200 73 91.25 73 91.25 
M2Z, 1000 ft-lb 123 61.5 123 61.5 202 ISO 73 73 73 73 
P2X, 1000 lb 520 260 520 260 945 400 292 200 292 200 
P2Y, 1000 lb 20 12 20 12 33.25 33.2 10 12 10 8 
P2Z, 1000 lb 20 12 20 12 33.25 33.2 10 12 10 12 

aBased on a noalnal pipe stress of 20 ksi In the pipe. 
^Needed to attain a aaxlvua strain on the tee near 1000 gin./In. 
eLlalted by the aaxiaim stress In the pipe at the fixed end. 
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the strain would exceed the upper limit of 1000 yln./in*, the maximum load 
was adjusted accordingly* After determining the allowable maximum load 
for a particular load condition, the tee was loaded to the maximum load 
and unloaded until linear elastic behavior was observed. For most of the 
gages, linear elastic response was attained on the first cycle. Three cy-
cles were applied for good measure because only the gages in the high-
stress regions were actually monitored during the test. 

Figure 2.12 shows T-7 in the loading frame during the experimental 
stress analysis* Two hydraulic Jacks are set up for applying either a 
torsional moment M3Y or an in-plane transverse force F3X on the branch. 
The loading clevises for appllng out-of-plane bending M3X or axial thrust 
F3Y on the branch can be seen in the upper part of the photograph* 

When recording data, the tees were loaded in four incremental steps 
to the maximum load. The steps were then repeated during unloading, giv-
ing a total of nine strain readings for each gage for each load case* 
These data were recorded and retained for later use. Two runs were made 
for each loading condition, and the data were reviewed before going on to 
the next loading condition. 

As noted earlier, the strain data were recorded on a B & F Model 
SY 156 data acquisition system equipped with a high-speed paper-tape 
punch. An IBM paper-tape-to-card converter transferred the data to IBM 
cards, and the data were reviewed at SwRI using the computer program NOSEY 
before the cards were sent to ORNL for more extensive analysis. Destruc-
tive fatigue tests were not started until after it had been established 
that the strain-gage tests were satisfactory and that all the required 
elastic-response data had been obtained. 

2*3 Fatigue Test Procedure 

The procedure planned for the fatigue tests was to select the branch-
pipe bending mode that produced the highest stress index in the tee and 
then to estimate the magnitude of the load that would cause failure in 
~7000 cycles of completely reversed displacement* The target value of 
7,000 cycles is the logarithmic mean of 500 and 10s cycles, and for carbon 
steel, corresponds to a maximum equivalent elastic-stress amplitude of 
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Fig. 2.12. T-7 in loading frame for experimental stress analysis. 
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~83,400 psi. During the fatigue tests, the internal pressure was main-
tained at the maximum design pressure of 1925 psig for T-4 and T-6, 3240 
psig for T-7, and 950 psig for T-8 and T-15, all of which were calculated 
in accordance with the Code-allowable pressure equations of NB-3641.1, 
using 85% of the nominal wall thickness, i.e., 

2 S t 
P - D - fl.flt » < 2' l ) 

o 
where 

t « 0.85t 

'm 
nom» 

S • Code design stress intensity. 

At the time these fatigue tests were being performed, the simplified 
elastic-plastic analysis method now contained in paragraph NB-3653.6 of 
the ASME Code was not available. Therefore, to select a loading that 
would give fatigue failure data for stress ranges exceeding twice the 
yield strength (or 3 Sm), Markl's empirical fatigue-life relationship13*1^ 
for piping components was extrapolated into the low-cycle range. For car-
bon steel, the relationship is 

Sa - 490,000 N~0*2 , 

where 

Sa - alternating stress, 
N » number of cycles to failure. 

Remember that the fatigue tests were not performed to investigate the 
adequacy of this equation. Rather, the equation served only a supporting 
role in that it was used to identify stress ranges that would cause the 
models to fail in a reasonable number of cycles. Also note that, although 
Markl's relationship was used to form the basis for some of the fatigue 
analysis procedures of the ASME Code, it is not used directly in the more 
current editions. 

An alternating out-of-plane shear load on the branch (F3Z) was se-
lected for T-4, T-6, T-8, and T-15 based on results from the elastic-
response tests, while an in-plane shear load on the branch (F3X) was used 
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for T-7. For each load case, the stress data were scanned to find the 
rosette at which the highest stress-to-load ratio occurred. Table 2.5 
summarizes these ratios and the resulting initial fatigue load amplitudes. 
For those models where more than one gage is listed, the first gage in the 
list corresponds to the location of the maximum stress-to-load ratio, and 
the other gages listed gave ratios almost as high. All the gages listed 
were considered potential sites for fatigue failure. 

Because the mlnimuir allowable yield strength of A106b Grade B carbon 
steel (T-4 and T-6) is 35,000 psi and that of type 304L stainless steel 
(T-7, T-8, and T-15) Is 30,000 psi, a stress value of 83,400 psi is ficti-
tious because local plastic deformation will occur before this value is 
reached. The value of 83,400 psi is based on empirical fatigue data that 
is presented in the Code as equivalent elastic stress vs cycles to fail-
ure, where the stress values are assumed to be proportional to the 
strains. 

A constant maximum displacement was maintained during the fatigue 
test instead of a constant maximum load to better simulate the type of 
loading that would occur in a piping system. The experimental procedure 
used to establish the limiting branch pipe displacements was as follows. 
A dial gage was mounted on a reference frame to measure the displacements 
of the branch pipe at an arbitrary point about 3 ft below the loading fix-
ture, as shown in Fig. 2.13. A linear load-displacement relation was then 
established by loading the test assembly in the appropriate fatigue test-
ing mode in small increments well within the linear elastic-response 
range. The strain-gage rosette identified earlier as giving the maximum 
stress-to-load ratio was also read at each loading increment. The linear 
load-displacement and load-strain relations were then extrapolated to the 
appropriate load value (Table 2.5). The corresponding displacement was 
determined, and the cycling facility was set to maintain this displace-
ment. The load was then fully reversed so that the maximum displacements 
in both directions were determined prior to applying the full load in 
either direction. Microswltches were mounted on each side of the branch 
in line with the shear vector. A screw adjustment on one of the micro-
switches was slowly turned while the proper dial indicator reading was 
maintained. When the microswltch was tripped, the load was reversed. The 



Table 2.5. Gage locations for maximum alternating stresses 
and corresponding fatigue test loads 

Stress/load 
ratio 

(ksi/1000 lb) 

Alternating Alternating Constant 
Model Strain Load Stress/load 

ratio 
(ksi/1000 lb) 

load elastic-stress internal Model gage direction 
Stress/load 

ratio 
(ksi/1000 lb) amplitude 

(lb) 
amplitude 
(psi) 

pressure 
(psig) 

T-4 67-05 ±F3Z 2.77 30,000 ±83,100 1,925 
T-6 56-01, 

45-05, -06, -07, 
67-05, -06, -07 

±F3Z 2.833 29,460 ±83,460 1,925 

T-7 0-02, 
0-07, -08; 22-02 

±F3X 1.568 53,800 ±85,358 3,240 

T-8 90-07, 
67-06, -07; 78-01, 
90-05, -06, -08; 258-01, 
270-06, -07, -08 

±F3Z 17.030 4,744 ±80,790 950 

T-15 270-07, 
67-05, -06, -07; 78-01, 
90-05, -06, -07, -08, 
247-05, -06, -07; 258-01 
270-06 

±F3Z 19.892 4,255 ±84,640 950 
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Fig. 2.13. T-8 in loading frame set up for ±F3Z fatigue test. 
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microswitch was then fixed so that the maximum displacement could not be 
exceeded in that direction on subsequent cycles• The procedure was then 
repeated for the second microswitch. 

As may be seen from the values given in Table 2.5, this experimental 
procedure resulted in alternating equivalent elastic principal stress 
amplitudes that were very nearly equal to the intended value of 83,400 
psl. One of the microswltches, the dial Indicator, and the hydraulic jack 
may be seen In Fig. 2.13, which is a photograph of T-8 during the fatigue 
test. The total strain ranges aflter'a shakedown of ten cycles are shown 
In Table 2.6. After ten cycles, no additional strain readings were taken. 

Table 2.6. Strain ranges 
after shakedowna 

Model Gage Strain range 
(Hi. ./in.) 

T-4 67-05 8,750b 

T-6 56-01 11,500 
67-05 10,000 

T-7 0-02 4,980 
0-07 4,360 
0-08 4,230 
22-03 4,060 
22-07 3,580 

T-8 90-07 7,996 
270-07 7,880 
78-01 • 6,670 

T-15 270-07 5,680 
90-07 4,955 
90-06 4,560 

aMeasured after ten cycles 
on leg 2 of the strain rosette. 

^The initial strain range 
for T-4 was 14,350 pin./in. Ini-
tial strain ranges were not re-
corded for the other tees. 
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3. DISCUSSION OP ELASTIC-RESPONSE TEST RESULTS 

In addition to the initial examinations conducted at the test site, 
the strain-gage data were screened by two processes prior to final ac-
ceptance. The first was a computerized check based on the assumption of 
linear elastic response. The second was more subjective, Involving vis-
ual comparisons and the judgment of an analyst. After the data analysis 
was complete, normalized principal stresses and stress intensities (ac-
cording to the Code definition) were computed, tabulated, and plotted in 
three different graphical forms for further analysis. Complete sets of 
these data are given in Appendixes VI, VII, and VIII. A summary of the 
maximum values is given in this chapter. 

3.1 Reduction of Strain-Gage Data 

As part of the experimental stress analysis, a concurrent reduction 
of data was performed using the computer program LINDA and subroutine 
NOSEY. This initial reduction was done to monitor the data acquisition 
process so that faulty strain gages could be Identified and corrected if 
possible. The data were re-reduced later, using an updated version of 
NOSEY. The diagnostic procedure implemented by NOSEY is summarized in 
Sect. 3.1.1. A detailed description of the program appears in Ref. 10. 
The output from the NOSEY runs were plotted on graphs of stress vs 
strain-gage location. These plots were then checked for anomalous data 
points and adjusted if necessary. This final adjustment is discussed in 
detail in Sect. 3.1.2. 

3.1.1 Eveluatlon of strain-gage data 

The computer code NOSEY implements a diagnostic procedure for iden-
tifying and separating errors in strain measurement and load application. 
The procedure depends on the hypothesis that the strains obtained from 
the tests are proportional to the loads. In this analysis, the data are 
subjected to three separate tests: the linearity test, the variability 
test, and the load-adjustment t e B t . 
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In the linearity test, the nine data points acquired for each gage 
under each loading condition are fitted to a straight line by the method 
of least squares. The program identifies and eliminates data that devi-
ate excessively from linear behavior, leaving only data lying within a 
specified tolerance band. Because the procedure depends only on the as-
sumption of linear behavior, any nonlinearity identified In this test 
must be due to either an error in the strain data acquisition or to the 
recorded value of the applied loads. 

The width of the tolerance band Is dictated by the accuracy required, 
but it is also limited by the resolution of the strain data acquisition 
system. For these tests, the larger of two values — 8 yin./in. or 15% 
of the maximum strain at a given gage — was used as the tolerance limit. 
Any gage for which more than 30% of the data was lost was flagged in the 
computer output with an asterisk, and a double asterisk was used to indi-
cate complete failure of the gage. 

The variability test compares the response of all the strain gages 
in the structure. This is done by normalizing the data from each gage 
to the maximum load and strain recorded for that gage. After normaliz-
ing, all the data for a given loading vary between a minimum of 0 and a 
maximum of 1.0. In the ideal case, the normalized data points will all 
lie on the line passing through the origin and the point (1, 1). If 
there is a large amount of scatter in the data for a given load case but 
the mean values of the data lie on the ideal response line, then the 
variations are due to inaccuracies in the strain data acquisition (i.e., 
strain gages, wiring, and/or data acquisition system). If, however, 
there is little variation in the values of the normalized strain, but 
the mean for a given load case is not on the ideal response line, then 
an error in the recorded loading is indicated. 

The load-adjustment test selects the most consistent set of normal-
ized strains and uses these data to mathematically adj'tat the value of 
the applied loads. If the adjustments are large, all three of the tests 
are performed again using the new estimates for the loads. 

Computer program LINDA,10 which uses NOSEY aa a subroutine, was 
used to reduce the strain data to calculated stresses in both local and 
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principal coordinates• A complete tabulation of these data is presented 
in Appendix VI. There is a separate table for each load condition on 
each model. Each table presents measured strains, maximum and minimum 
principal surface stresses, shear stresses, stresses along and normal to 
the 4 lines, and the angle in the counterclockwise direction from either 
the <j> line or the crotch line (depending on the orientation of gage 2) 
to the maximum principal stress. The value of the load for which LINDA 
computes and prints the strains and stresses is controlled by the user. 
In the tabulations of Appendix VI, the indicated pressures and moments 
correspond to those loads that will give a maximum principal stress of 
1000 psi using the nominal dimensions of the piping. The nominal force 
loads in the transverse directions are equal to the value that will pro-
duce a bending stress of 1000 psi for the nominal dimensions. Specifi-
cally, the nominal stresses are defined by the following relations for 
the different loadings: 

• p D0/2Ir (internal pressure), 
- M 0o/2Ir (moment on run), 
- M d0/2Ij) (moment on branch), 
- FLf D0/2Ir (transverse force on run), 
- FLjj d0/2Ijj (transverse force on branch), 
- F/Ar (axial force on run), 
• F/Ajj (axial force on branch). 

The nominal values for the geometric parameters D , d , T , T. I , I. , o o r d r d 

L * A , and A. were given earlier in Tables 2.2 and 2.3. For the r b r b ° 
full-outlet tees T-4, T-6, and T-7, the branch pipe and the run pipes 
have the same nominal dimensions, and thus the values for the nominal 
stresses are Independent of whether the moment loadings were applied on 
the branch or run. However, for t'.̂e reducing-outlet tees T-8 and T-15, 
the nominal dimensions of the branch and run are different. For these, 
the nominal stresses were calculated using the dimensional properties of 
the pipe on which the loading was applied* For internal pressure, the 



39 

section properties of the run pipe were used for all the tees. An elas-
tic modulus of E • 30 x 10® psi and Poisson's ratio of v • 0.3 were used 
in these calculations (i.e., those given in Appendix VI). 

Note that if a moment couple is applied In bending and then in tor-
sion to a circular beam, classical beam theory predicts that the maximum 
normal stress In the bending case will be twice the maximum shear stress 
in the torsion case. However, for ASME Code-related work, this study is 
concerned with stress intensity, which is defined as the absolute value 
of the largest principal stress difference or twice the maximum shear 
stress at a point. Therefore, a given couple will produce the same 
stress intensity regardless of whether it Is applied in bending or in 
torsion. 

There are two advantages to this normalizing scheme. First, it 
provides an easy means for comparing the stress intensification effect 
of different loads on the same tee and identical loads on different 
tees. Second, by scanning the tabulations for maxima, one can obtain 
specialized stress indices, and comparing these values would be a first 
step toward the development of generalized indices for use in design 
codes and standards. 

3.1.2 Final screening and reduction 

The data reduction performed by NOSEY is geared to establishing a 
constant strain-to-load ratio for each gage and hence for each rosette. 
If some of the data obtained from any one of the gages do not pass all 
the tests of NOSEY, the confidence In the value of the ratio for that 
gage Is diminished. Therefore, the data were subjected to a final 
screening in which the response of each rosette whose data had been par-
tially rejected by the linearity test was compared by the analyst with 
the responses of adjacent rosettes. This was done by studying computer 
graphs of the maximum and minimum principal stresses plotted as a func-
tion of gage location. If an excessively steep stress gradient occurred 
at a gage whose data had been partially rejected, the plot was compared 
with other cases for which similar stress solutions could be expected. 
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The questionable data points were then adjusted as necessary. These 
comparisons were based on certain similarities in loading and on symme-
tries in the test setup that could be exploited in predicting trends of 
the stress plots for identification of questionable data points. These 
comparison tests are discussed more fully in the following paragraphs. 

In this test series, the transverse forces were applied near the 
ends of the branch'and the run pipe at distances ranging from 76.1875 to 
78.375 in. from the center of the tee (Table 2.3). If one conserva-
tively assumes that the maximum nominal shear stress is equal to twice 
the applied shear force divided by the cross-sectional area, then the 
ratio of the maximum bending stress to the maximum shear stress will 
range from about 13.0 on the T-8 and T-15 run pipes to about 25.4 on the 
branches for the same models. The factor of 2 comes from thin-shell 
theory and represents the highest shear stress solution for a beam with 
a circular cross section. Also, if the usual assumptions of beam theory 
are imposed, the value of the shear stress will be zero at the point of 
maximum bending stress. Therefore, the stress solutions due to F2Y and 
-M2Z should be very similar, and the maximum principal stress in each 
case will be due entirely to bending. The same holds for F2Z and M2Y, 
F3X and -M3Z, and F3Z and M3X. 

The models are essentially symmetric about the plane formed by the 
intersection of the axes of the run and the branch (the longitudinal 
plane). There Is also geometric symmetry about the plane perpendicular 
to the run and containing the branch axis (the transverse plane). Be-
cause the 0° end of the run was fixed while the 180° end was free, the 
boundary conditions are not symmetric about this plane. However, these 
ends are sufficiently removed from the tee that the constraint effects 
can be expected to be negligible in the region of the tee. Therefore, 
the elastic response of each model to internal pressure and to loads ap-
plied at the free end of the run should be similar for the two opposing 
quadrants on which the strain gages are placed. Loadings on the branch, 
however, cannot be expected to give similar responses in the opposing 
quadrants because there was no reaction force at the free end, and the 
symmetry conditions thus break down. 



Because the nominal dimensions of T-4 and T-6 are the same and 
those of T-8 and T-15 are also the same (Table 2.2), similar elastic re-
sponses should be anticipated for each pair. This expected similarity 
was the third and final basis for comparison. It was not used exten-
sively, however, because differences in stress plots were in some cases 
due to real differences in the shape of the tees, resulting from differ-
ent manufacturing techniques rather than from irregularities in the 
testing equipment or procedure. 

The results of the final strain-gage data screening are shown in 
Appendix VII, Table VII.l. A total of 143 stress values were adjusted, 
or about 1% of the 14,365 solutions that were obtained. Of the stresses 
that were adjusted, 116 (81%) were for the inside surface, reflecting 
the greater difficulty of installing strain gages on the inside of the 
tee. At the time that the adjustments were made, however, no graphs 
were available for the M3X loading on T-6, and these values were ad-
justed by scanning the tabulated values In the computer output. The 
-M3Y loading on T-4 had so many questionable data points that no basis 
could be found for making adjustments, and the curves were simply left 
alone. 

Special mention is required for two of the adjusted strain-gage re-
sults — for the Internal pressure loading on T-7 and for the out-of-
plane bending on the branch (-M3X) of T-4. They are the only two cases 
in which the maximum values anywhere on the tee were adjusted. The val-
ues shown in Table 3.1 were abstracted from Table VII.l of Appendix VII. 

For T-7 under internal pressure, the test data (NOSEY) indicated 
that the largest maximum principal stress (35.33 psi/psi pressure) oc-
curred on the inside surface in the longitudinal plane near the crotch 
line — at strain rosette 0-17. Although the possibility that the data 
were good was not ruled out,* both the maximum and minimum principal 

^Several possible reasons for the anomalous behavior were postu-
lated, such as the possibility of a surface flaw in the tee or an air 
bubble under the gage; however, because this particular gage gave con-
sistent results for the other loadings and because the gage was on the 
inside surface where it could not be examined until after the fatigue 
test was completed, it cannot be positively determined that the data 
were Inaccurate. 
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Table 3.1. Adjustments in maximum 
stress values for T-4 and T-7 

Normalized** principal stresses 
(ksi) 

„ Rosette : Tee Load N q > N0SEY Adjusted values 
Maximum Minimum Maximum Minimum 

T-7 P 0-17 35.33 8.39 17.0 4.0 
0-16 24.63 -4.81 20.5 3.5 

T-4 (-M3X) 67-5 0.485 0.087 0.44 0.14 

aFor this comparison, the stresses are normalized to the loads, 
pnom " 1 0 0 0 P®1 a n d M3xnom " 1 0 0 0 ft~lb* 

stresses were adjusted after comparing them with data from the opposite 
quadrant (180° ty line). The maximum normalized stress intensity on the 
180° (j) line was 18.10. Further justification for the adjustments is 
based on a comparison with data from the photoelastlc model studies of 
T-7 under internal pressure (see Ref. 15). The photoelastlc studies 
indicated that the maximum stresses occurred at the same locations (I.e., 
In the longitudinal plane) but had a maximum normalized value of 14.0. 
Thus, both the data from the opposite quadrant of the steel model and 
the data from the photoelastlc model Indicate that the adjusted maximum 
value for T-7 (I.e., 20.5) is reasonable and conservative. 

The relatively small adjustments in the principal stress values 
shown for the -M3X loading on T-4 were based on a comparison with re-
sults from the F3Z (out-of-plane transverse force) loading. These ad-
justments were considered necessary because of the erratic behavior of 
gage 2 in rosette 67-5. 

3.2 Presentation and Discussion of Strain-Gage Data 

The strain-gage data are presented in Appendixes VI—VIII for two 
different stages of reduction. The values tabulated In Appendix VI, 
which are from the LINDA output, were all calculated using a modulus of 
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elasticity of E - 30 x 106 and Poisson's ratio of v - 0.3. Note also 
that the data have not been screened by the procedure described in Sect. 
3.1.2. Appendixes VII and VIII contain computer plots and tabulations 
of the data after the final adjustments were made. All the data in 
these appendixes are normalized to 1000-psi nominal stress, as discussed 
in Sect. 3.1.1. 

During the course of this test series, the data reduction subrou-
tine NOSEY was updated several times, and the data presented in Appen-
dixes VI—VIII represent the output from several different revisions. 
Therefore, there are some minor inconsistencies in the data that are 
primarily caused by small variations in the diagnostic parameters used 
in NOSEY at different stages in the development of the program. 

The data given in Appendixes VII and VIII have been checked and ad-
justed. The presentation includes a summary of the adjustments, tabula-
tions of stress intensities, contour plots of stress intensities, plots 
of stress intensity vs projected gage line distance, and maximum stress 
intensity vs angular displacement of the gage line. The adjusted data 
points have been flagged in both the tabulations and the plots, with the 
exception of the contour plots. Because Appendixes I—IX are on micro-
fiche and thus may be somewhat less accessible than full-size printed 
material, a representative sampling of the data from Appendixes VII and 
VIII has been abstracted for full-size presentation in Sect. 3.3. For 
the pressure-loading case, this study has included tabulations of the 
normalized stresses and strains, and gage-line, clrcumferentlal-line, 
and contour plots of the normalized stress intensity for the quadrant of 
the tee in which the maximum value occurred. 

In general, the data given in the appendixes show clearly that the 
Btress distributions over the body of the tees for all the loadings were 
smooth, that Is, without steep gradients or sharp discontinuities. In 
addition, the gage-line plots (Appendix VIII.2) show that the maximum 
values always occurred either at or very near strain-gage locations. 
This reinforces the conclusion from the brittle lacquer tests that the 
strain-gage coverage was adequate for every model. 

A quick scan of the stress-intensity tabulations of Appendix VIII 
shows that for internal pressure (see full-size representative samples 



in Sect* 3.3), the maximum stress for all five tees occurred on the in-
side surface near, but not necessarily in, the longitudinal plane* For 
bendlng-moment and transverse-force loadings on the branch, the maximum 
stresses occurred on the outside surface at various angular locations 
around the branch. Such generalizations, however, cannot be made for 
the other loading cases. 

The highest normalized maximum stress intensities resulted from 
axial loads on the branch. Although nuclear piping systems are designed 
so that tees should not be subjected to large axial loads, the rela-
tively high stresses measured In these experiments suggest that axial 
loads, as well as pressure and moment loads, should be considered in de-
sign. 

Table 3.2 gives a summary of the locations (by gage number) and 
magnitudes of the maximum stress intensities for each of the 13 loadings 
on each of the 5 tees. The table is arranged so that results from the 
bending-moment and corresponding transverse-force loadings (e.g., M3Z 
and F3X) can be easily compared, and the maximum stresses for each pair 
can be verified as approximately equal for all five tees* The largest 
difference between stress intensities in such a pair was for the In-
plane bending applied to the run of T-7. In this case, the two maximum 
stress intensities differed by about 33% and did not occur at the same 
location. Of the remaining 19 pairs of bending and shearing loads, all 
gave maximum stresses within 15% of each other, and 16 gave maximum 
stresses within 10% of each other. 

The above differences are due to at least three factors. First, 
even though the effect of shear is small, it is not negligible and an 
influence of a few percent may be expected. Second, the nominal bending 
stress for the applied transverse force was calculated using a moment 
arm equal In length to the distance from the intersection of the pipe 
and run axes to the point of load application. This will introduce some 
errors, since the maximum bending will not always occur at this point. 
Third, errors may be caused by faulty data that survived all the screen-
ing procedures. 

Because the maximum stress intensities given in Table 3.2 are normal-
ized in the same fashion as the stress indices given in Table NB-3681(a)-l 
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T a b l e 3 . 2 . L o c a t i o n and v a l u e of maximum n o r m a l i z e d s t r e s s I n t e n s i t i e s 

I n t e r n a l - Branch® 

pressure 
l o a d , 

n 
I n - p l a n e I n - p l a n e O u t - o f - p l a n e O u t - o f - p l a n e 

T o r s i o n , 
M3Y 

A x i a l pressure 
l o a d , 

n moment, s h e a r , moment, s h e a r , T o r s i o n , 
M3Y 

f o r c e . r 
M3Z P3X M3X F3Z 

T o r s i o n , 
M3Y F3Y 

C a g e * 
Sld 

0 - 1 5 0 - 6 0 - 6 6 7 - 5 67 -5 5 6 - 1 ° 0 - 6 C a g e * 
Sld 4 . 4 1 7 2 . 2 5 0 2 . 1 9 1 2 . 7 3 2 2 . 7 6 2 2 .738 7 . 5 1 3 

Gage 202 -16 6 7 - 1 6 67 -16 5 6 - 1 " 5 6 - 1 " 5 6 - 1 ° 2 2 - 9 
S I 3 . 3 1 0 2 . 2 6 8 2 .095 2 . 7 0 9 2 . 6 4 0 2 . 6 6 2 6 . 2 7 6 

Gage 0 - 1 6 0 - 8 0 - 2 5 6 - 1 ° 5 6 - 1 ° 5 6 - 1 ° 0 - 8 
S I 4 . 4 2 5 2 . 1 8 9 2 .444 2 . 0 0 2 1 .882 1 .730 5 . 0 6 3 

Cage 1 1 - 1 1 ° 202-7 202-7 9 0 - 7 90 -7 180-10 2 2 - 6 
S I 2 . 7 0 0 1 .206 1 .158 2 . 2 4 1 1 .961 1 .165 5 .917 

. Cage 180-18 202 -8 0 - 8 270-7 270-7 0 - 1 0 1 1 - 1 ° 
' S I 3 . 6 5 4 1 . 6 1 0 1.547 2 . 3 0 7 2 . 1 7 8 1 .110 7 . 6 0 7 

Runa 

I n - p l a n e I n - p l a n e O u t - o f - p l a n e O u t - o f - p l a n e T o r s i o n , 
M2X 

A x i a l 
moment, s h e a r , moment, s h e a r , T o r s i o n , 

M2X f o r c e , 
M2Z M M2Y F2Z 

T o r s i o n , 
M2X M 

T - 4 270-14 90 -14 90-14 9 0 - 1 4 247-5 9 0 - 1 4 T - 4 
2 . 0 1 3 2 . 1 4 6 1 .231 1 . 2 8 8 2 . 3 2 2 4 . 0 3 1 

T - 6 0 a « e 270-15 9 0 - 1 5 90-14 9 0 - 1 4 45 -18 270-14 
T 6 S I 2 . 2 5 0 2 . 4 2 4 1.216 1 .087 2 .244 3 . 8 4 1 

T - 7 0 b 8 ® 2 0 2 - 1 2 2 - 2 225-1 4 5 - 1 180-1 270 -15 
T 7 S I 1 . 425 1 . 9 2 0 1 .450 1 . 4 8 6 1 .737 2 . 5 6 9 

T - 8 C a « e 

S I 
90 -17 90 -17 225-1 4 5 - 1 2 3 6 - 1 1 ° 90 -17 T - 8 C a « e 

S I 2 . 0 0 6 1 . 9 9 1 1.369 1 .377 1 .824 2 . 3 7 7 

T - 1 5 C A « E 
3 S I 

270 -17 9 0 - 1 8 45 -1 4 5 - 1 2 3 6 - 1 1 ° 270 -17 T - 1 5 C A « E 
3 S I 1 . 8 9 3 1 .927 1 .367 1 .485 1 .979 2 . 2 6 5 

aSee Fig. 2 . 8 f o r l o a d d i r e c t i o n c o n v e n t i o n . 

^Gage - l o c a t i o n o f gage where maximum s t r e s s I n t e n s i t y o c c u r r e d • 

°Cases where maximum s t r e s s i n t e n s i t y o c c u r r e d on t he c r o t c h l i n e r a t h e r t h a n on one o f 
t h e 0 gage l i n e s . 

a S I 

v e n t l o n . 

maximum n o r m a l i z e d s t r e s s i n t e n s i t y . See S e c t . 3 . 1 . 1 f o r t h e n o r m a l i z i n g c o n -

of the ASMS Code,* a direct comparison of the two can be made. It must be 
emphasized, however, that the Code indices are intended to represent maxi-
mum stress intensities resulting from any admissible combination of load-
ings. Thus, firm conclusions regarding the adequacy of the Code indices 
cannot be made until the experimental data are studied in the proper con-
text. A separate report on that subject Is being prepared. 

^Normalization is the same except for use of the nominal section 
modulus rather than the approximate modulus used by the Code. 
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3.3 Representative Data for Pressure Loads 

For those readers who may not have ready access to a microfiche 
reader or who may not be interested in ull the strain-gage data given in 
the appendixes, a portion of the data Cor the internal pressure loading 
case has been abstracted for full-size presentation and further discus-
sion. Figures 3.1 and 3.2 are computer-generated contour plots of nor-
malized stress intensities for the inside and outside surfaces of T-4. 
Figure 3.1 shows the 0° to 90° quadrant, whereas Fig. 3.2 shows the 180° 
to 270° quadrant. As may be seen, the maximum values occurred on the 
Inside surface on the longitudinal plane. The stress patterns, however, 
are not entirely symmetrical because somewhat higher stresses occurred in 
the 0° to 90° quadrant than in the 180° to 270° quadrant. Similar contour 
plots for the other tees and for the other loading conditions are given In 
Appendix VIII. 

Figure 3.3 Is a schematic illustration of the technique used to de-
velop the gage-line plots shown in Fig. 3.4 for T-6 and T-7 for internal 
pressure. Complete sets of gage-line plots are also given in Appendix 
VIII. These figures show the normalized stress intensities for the gage 
line (i.e., same <|) angle) in which the maximum value was located, as a 
function of projected distance. As shown in Fig. 3.4, the maximum value 
for both T-6 and T-7 was on the run side of the crotch. The maximum 
values for T-15 was also on the run side, whereas for T-4 it was on the 
branch side and for T-8 it was located on the crotch. 

Figure 3.5 shows the maximum stress index values from each i|> line 
of T-4 plotted as a function of the diametral plane angle For all 
of the tees except T-6, the absolute maximum was located in the longi-
tudinal plane (<J> • 0°, 180°) on the inside surface. For T-6, it was 
displaced about 20° to the side. 

Numerical values for the stress intensity measured at each gage site 
in each of the two quadrants for both inside and outside surfaces are 
listed in Tables 3.3—3.7. The data in the tables are arranged in four 
sets, one set for each quadrant surface, and the maximum value in each set 
is circled. The largest of these, along with the identifying gage number, 
was given earlier in Table 3.2. A few of the values given 
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OHNL-DWO 83-5796 ETD 

CONTOUR VALUES 
Q 0.0 
D 0.2500C 00 
s o.soooe 00 
•f 0.7S00C 00 
X 0.I000C 01 
0 0.12S0C 01 
• 0.IS00C 01 
X 0.17S0C 01 

(M 

CONTOUR VALUES 
o 0.0 
o O.SSOOt 00 
A o.soooe 00 
• 0.7S00C 00 
X o.ioooe 01 
0 o.izsoe 0) 
• o.isooe 01 
X 0.I7S0E 01 
s 0.2000C 01 
* O.22SOC 01 
X 0.2S00E 01 
• 0.27S0E 01 
o 0.3000C 01 
o 0.32S0E 01 
« O.SSOOC 01 

0.3750C 01 
X O.WOOC 01 
• O.WSOC 01 

Fig. 3.1. Internal pressure stress index contour plot for 0° to 
quadrant of T-4. (a) Outside surface and (b) inside surface. 
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M 

O R N L - D W Q 8 3 - 5 7 9 7 ETD 

CONTOUR VALUES 
• 0.0 
0 o.2sooe oo A o.soooe oo 
+ o.7sooe 00 
X o.IOOOE oi 
0 o.i?soe oi 
9 0.IS00E 01 
X o.nsoe oi 
X 0.2000C 01 

(6) 

CONTOUR VALUES 
• 0 . 0 
E> 0.2500C 00 
A o.soooe 00 
4 0.7SOOE 00 
X 0.IOOOE 01 
0 0. I2S0E 01 
• O.ISOOC 01 
X O.17S0E 01 
X 0.2000E 01 
A 0.22S0C 01 
M 0.2S00E 01 
R O.27S0C 01 
0 0.3000E 01 
O O.3JS0E 01 

Fig. 3.2. Internal pressure stress index contour plot for 180c 
270° quadrant of T-4. (a) Outside surface and (b) inside surface. 

to 
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Fig. 3.3. Schematic illustration of technique used to develop 
gage-line projection plots. 

in Tables 3.3—3.7 have been adjusted, as discussed in Sect. 3.1, and 
are identified by a solid triangle ( A ) . Values for the stress intensi-
ties for all the gage sites, together with the XYZ coordinate location 
data given in Appendix III, should provide valuable sets of experimental 
benchmark data for comparison with analytical solutions and/or photo-
elastic model studies. 
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OR N L - D W G 83-B7B9 ETD 

X 111 a z 
ft 
LU 

i 

4 . * INNER SURFACE 180-270' 

3 -

2 -

0 
-4 - 2 

X ID O z 
8 
ID p 

O OUTER SURFACE 0-90° 
A INNER SURFACE 0-90° 
X OUTER SURFACE 180-270" 
*> INNER SURFACE 180-270° 
® ADJUSTED DATA POINT 

Fig. 3.4. Gage-line projection plots for (a) T-6 and (2>) T-7 
(Internal pressure). 
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O R N L - D W G 83-B7B9 ETD 
f—-r——i » | » i r 1 • 

O OUTER SURFACE 
£ INNER SURFACE 

\ 

(fl) 

~r 

0 L . i i i 1- i i i I i i i I i i i I i i 
0 20 40 60 80 100 

Qldeg) 

4 -

X 3 ui O 
X 

2 -

1 -

lb) 

X OUTER SURFACE 
* INNER SURFACE 
® ADJUSTED DATA POINT 

180 200 220 240 
0(deg) 

260 280 

Fig. 3.5* Maximum normalized stress intensities from each gage 
as a function of diametral angle for T-4 (internal pressure). 
0° to 90° quadrant and Qj) 180* to 270° quadrant. 



Table 3.7. Normalized stress Intensities for T-15 loaded with Internal pressure 

T-4. P, normalized stress Intensity bn outside surface T-4. P, normalized stress intensity on inside surface 
load corresponds to nominal stress intensity of 1000 psi load corresponds to nominal stress Intensity of 1000 psi 

Cage PHI line Crotch line Cage PHI line Crotch line Cage 
0 22.5 45 67.5 90 Gage Index 

Cage 
0 22.5 45 67.5 90 Gage Index 

1 0.346 0.488 0.937 1.105 1.237 0-5 0.612 11 1.357 1.171 0.559 0.548 0.391 0-15 4.417 
2 0.108 0.508 0.908 1.342 (K715) ll-l 1.073 12 1.588 1.261 0.403 0.229 0.157 11-U 2.361 
3 0.147 0.547 0.935 1.454 1.596 22-6 1.111 13 2.553 1.330 0.580 0.220 0.164 22-16 2.128 
4 0.372 0.713 0.977 1.420 1.323 33-1 0.897 14 3.272 1.407 0.854 0.255 0.059 33-11 2.117 
5 0.612 0.926 0.912 1.268 1.329 45-b 0.938 15 (4.417) 1.774 1.305 0.405 0.130 45-16 1.285 
6 1.089 1.I1I 0.938 1.254 1.295 56-1 1.133 16 2.622 2.128 1.285 0.588 0.241 56-11 0.600 
7 0.782 1.047 0.902 1.040 1.208 67-4 1.420 17 2.182 2.270 1.693 0.693 0.311 67-14 0.255 
8 0.595 0.693 0.765 1.004 1.138 78-1 1.595 18 1.813 1.821 1.526 0.707 0.323* 78-11 0.172 
9 0.618 0.599 0.652 0.982 1.172 90-1 1.237 19 1.607 1.612 1.365 0.662 0.260 90-11 0.391 
10 0.61S 0.608 0.695 0.929 1.238 0.0 20 1.421 1.397 1.199 0.747 0.413 0.0 

Cage PHI line Crotch line Gage PHI line Crotch line Cage 
180 202.5 225 247.5 270 Cage Index 

Gage 
180 202.5 225 247.5 270 Gage Index 

1 0.284 0.501 0.854 1.184 1.191 180-5 0.617 11 1.245 1.103 0.561 0.483 0.401 180-15 3.446 
2 0.162 0.507 0.970 1.543 fl.940) 191-1 1.169 12 1.439 1.153 0.351 1.284 0.148 191-11 2.326 
3 0.279 0.491 0.975 1.595* 1.592 202-6 1.023 13 1.809 1.346 0.471 0.305 C.099 202-16 2.507 
4 0.491 0.549 0.919 1.428 1.292 213-1 0.869 14 2.868 1.621 0.964 0.269 0.073 213-11 2.017 
5 0.617 0.726 0.886 1.351 1.354 225-6 0.891 15 (3-446) 2.090 1.548 0.337 0.160 225-16 1.521 
6 0.816 1.023 0.891 1.325 1.385 236-1 1.148 16 3.234 2.507 1.521 0.488 0.258 236-11 0.586 
7 0.695 0.959 0.853 1.114 1.382 247-4 1.428 17 2.120 2.066 1.722 0.649 0.333 247-14 0.269 
8 0.416 0.552 0.749 1.007 1.260 258-1 1.943 18 1.779 1.772 1.510 0.701 0.307 258-11 0.227 
9 0.371 0.381 0.594 1.004 1.240 270-1 1.191 19 1.562 1.611 1.277 0.717 0.364 270-11 0.401 
10 0.423 0.489 0.682 1.033 1.226 0.0 20 1.396 1.429 1.177 0.735 0.476 0.0 



Table 3.7. Normalized stress Intensities for T-15 loaded with Internal pressure 

T-6. P, normalized stress Intensity on outside surface T-6. P, normalized stress intensity on inside surface 
load corresponds to nominal stress intensity of 1000 psi load corresponds to nominal stress intensity of 1000 psi 

Cage PHI line Crotch line Cage PHI line Crotch line Cage 
0 22.5 45 67.5 90 Cage Index 

Cage 
0 22.5 45 67.5 90 Gage Index 

1 0.615 0.461 0.992 1.249 1.196 0-5 0.786 11 1.467 1.433 0.448 0.471 0.604 0-15 1.767 
2 0.795 0.5)4 1.035* 1.574 1.535 11-1 0.665 12 1.895 1.786 0.519 0.314 0.186 11-11 2.566 
3 0.712 0.470 1.159 1.739 (K866) 22-6 0.480 13 1.946 2.097 1.009 0.204 0.159 22-lb 3.155 
4 0.816 0.580 1.209 1.843 1.851 33-1 0.740 14 1.787 2.694 1.485 0.260 0.286 33-11 2.333 
5 0.786 0.5)1 1.139 1.809 1.526 45-6 1.004 15 1.767 2.928 1.359 0.248 0.086 45-16 1.279 
6 0.784 0.480 1.004 1.738 1.489 56-1 1.544 16 1.872 (3^155) 1.279 0.306 0.260 56-11 0.366 
7 0.696 0.545 0.984 1.586 1.476 67-4 1.843 17 1.933 3.152 1.350 0.419 0.634 67-14 0.2b0 
8 0.672 0.405 0.936 1.451 1.401 78-1 1.632 18 2.068 2.776 1.715 0.487 0.311 78-11 0.198 
9 0.601 0.4 » 0.773 1.175 1.356 90-1 1.196 19 2.194 2.225 1.512 0.569 0.202 90-11 0.604 
10 0.458 0.405 0.697 1.155 1.318 0.0 20 1.715 1.678 1.244 0.607 0.246 0.0 

Gage PHI line Crotch line Gage PHI line Crotch line Gage 
180 202.5 225 247.5 270 Gage Index 

Gage 
180 202.5 225 247.5 270 Gage Index 

1 0.686 0.640 1.102 1.223 1.197 180-5 0.794 11 1.447 1.377 0.82b 0.560 0.184 180-15 I.618 
2 0.777 0.581 1.117 1.583 1.649 191-1 0.622 12 1.781 1.726 0.563 0.377* 0.071 191-11 3.30b 
3 0.707 0.5/9 1.243 1.709 1.887 202-6 0.493 13 1.905 2.047 1.187 0.239 0.258 202-16 3.310 
4 0.759 0.490 1.245 1.849 (U95l) 213-1 0.725 14 1.778* 2.486 . 1.550 0.347 0.444 213-11 2.319 
5 0.794 0.519 1.168 1.862 1.813 225-6 1.029 15 1.618 2.938 2.292 0.323* 0.267 225-16 1.562 
b 0.820 0.493 1.029 1.807 1.733 236-1 1.526 16 1.479 (3.310) 1.562 0.348 0.175 236-11 0.595 
7 0.744 0.497 0.981 1.605 1.656 247-4 1.849 17 1.554 3.051 1.564 0.488 0.406* 247-14 0.347 
8 0.657 C.4J5 0.876 1.498 1.550 258-1 1.752 18 1.885 2.850 1.833 0.635 0.247 258-11 0.171 
9 0.558 0.333 0.744 1.127 1.447 270-1 1.197 19 2.028 2.256 1.661 0.835 0.259 270-11 0.184 
10 0.478 0.369 0.57* 1.121 1.384 0.0 20 1.642 1.720 1.299 0.685 0.221 0.0 



Table 3.7. Normalized stress Intensities for T-15 loaded with Internal pressure 

T-7. P, normalised stress Intensity on outside surface 
load corresponds to nominal stress Intensity of 1000 psi 

Gage PHI line Crotch line 

T-7. 
load 

Gage 

P. normalized stress intensity on inside surface 
corresponds to nominal stress intensity of 1000 psi 

PHI line Crotch line 

0 22.5 45 67.5 90 Gage Index 0 22.5 45 67.5 90 Cage Index 

1 0.569 0.594 0.898 0.788 0.701 0-5 0.268 11 1.511 1.426 0.882 0.754 0.639 0-15 3.793 
2 0.543 0.556 0.740 0.894 1.020 I l-l 0.268 12 1.129 1.478 0.892 0.443 0.279 11-11 2.978 
3 0.281 0.557 0.795 0.917 1.013 22-6 0.500 13 1.914 1.544* 0.883 0.437 0.257 22-16 2.280 
4 0.267 0.601 0.812 1.209 1.243 33-1 0.687 14 2.101 1.900 1.094 0.567 0.257* 33-11 1.883 
5 0.268 0.506 0.860 1.213 1.164 45-6 0.893 15 3.793 2.250 1.470 0.617* 0.371 45-16 1.559 
6 0.230 0.500 0.893 (1.285) 1.199 56-1 1.174 16 (4.425*) 2.280 1.559 0.672 0.538 56-11 1.070 
7 U.319 0.501 0.85b 1.151 1.132 67-4 1.209 17 3.704* 2.249 1.531 0.874 >.668 67-14 0.567 
8 0.444 0.541 0.772 1.010 1.076 78-1 1.218 18 2.693 1.967 1.538 0.987 0.702 78-11 0.268 
9 0.560 0.501 0.751 0.95b 1.033 90-1 0.701 19 1.974 1.77/ 1.475 1.031 0.812 90-11 0.639 
10 0.366 0.529 0.629 0.746 1.073 0.0 20 1.675 1.732 1.433 1.006 O.U79 0.0 

Gage PHI l i n e Crotch line Cage PHI line Crotch line 

180 202.5 225 247.5 270 Gage Index 180 202.5 225 247.5 270 Gage Index 

I 0.618 0.607 0.897 0.728 0.773 180-5 0.285 11 1.578 1.624 0.951 0.745 0.662 180-15 3.480 
2 0.413 0.579 0.753 0.967 0.821 191-1 0.380 12 1.787 1.467 0.911 0.479 0.192 191-11 2.964 
3 0.284 0.573 0.800 1.069 1.038 202-6 0.580 13 1.923 1.621 0.879 0.294 0.226 202-16 2.292 
4 0.269 0.573 0.790 1.194 1.268 213-1 0.723 14 2.109 1.952 1.072 0.566* 0.265 213-11 1.805 
5 0.285 0.505 0.939 (U274) 1.241 225-6 0.947 15 3.480 2.511* 1.492 0.630 0.370* 225-16 1.532 
6 0.232 0.580 0.947 K245 1.131 236-1 1.136 16 2.292 1.532 0.582 0.563 236-11 0.975 
7 0.377 0.639 0.907 1.103 1.080 247-4 1.194 17 2.953 2.131 1.506 0.823* 0.682 247-14 0.520 
8 0.498 0.591 0.828 0.963 1.033 258-1 1.254 18 2.306 1.907 1.516 0.994 0.765 258-11 0.327 
9 0.474 0.549 0.729 0.904 0.997 270-1 0.773 19 2.016 1.766 1.482* 1.015 0.789 270-11 0.662 
10 0.365 0.617 0.721 0.893 0.922 0.0 20 1.911 1.660 1.358 0.928 0.888 0.0 



Table 3.7. Normalized stress Intensities for T-15 loaded with Internal pressure 

T-8. P, normalized stress intensity on outside surface T-8. 
load corresponds to nominal stress Intensity of 1000 psi load 
_„„„ PHI line Crotch line _ Gage Gage 

P, normalized stress intensity on inside surface 
corresponds to nominal stress intensity of 1000 psi 

PHI line Crotch line 

22.5 45 67.5 90 Gage Index 22.5 45 67.5 90 Gage Index 

1 0.824 0.880 (1.223) 0.745 0.631 0-7 0.744 11 0.985 1.125 0.783 0.524 0.554 0-17 2.257 
2 0.446 0.413 0.812 0.715 0.604 11-1 0.697 12 0.938 1.024 0.773 0.578 0.633 11-11 (2.700) 
3 0.380 0.442 0.536 0.723 0.640 22-6 0.680 13 0.886 0.981 0.717 0.548 0.529 22-16 2.043 
4 0.321 0.402 0.603 0.853 0.862 33-1 0.694 14 1.015 1.344 0.980 0.502 0.208 33-11 1.620 
5 0.379 0.753 0.793 0.793 0.848 45-6 0.b39 15 1.321 2.115 1.452 0.679 0.235 45-16 1.293 
6 0.657 0.680 0.639 0.819 0.854 56-1 0.747 16 1.834 2.043 1.293 0.509 0.223 56-11 0.880 
7 0.744 0.570 0.559 0.722 0.835 67-6 0.819 17 2.257 1.672 1.144 0.378 0.188 67-16 0.509 
8 0.648 0.468 0.633 0.778 0.720 78-1 0.851 18 1.978 1.273 0.999 0.558 0.276 78-11 0.268 
9 0.387 0.379 0.646 0.784 0.855 90-6 0.854 19 1.363 0.933 0.807 0.588 0.444 90-16 0.223 
10 0.409 0.460 0.539 0.756 0.788 0.0 20 1.398 1.211 0.764 0.739 0.587 0.0 

Gage PHI line Crotch line Gage PHI line Crotch line 
180 202.5 225 247.5 270 Gage Index 180 202.5 225 247.5 270 Gage Index 

1 0.988 0.888 Q. 338) 0.677 0.691 180-7 0.764 11 1.119 1.178 0.758 0.537 0.611 180-17 2.473 
2 0.428 0.449 1.135 0.945 0.886 191-1 0.743 12 1.024 1.010 0.577 0.449 0.371 191-11 2.374 
3 0.376 0.446 0.745 0.858 0.780 202-6 0.817 13 0.937 0.977 0.550 0.374 0.437 202-16 2.429 
4 0.317 0.404 0.617 1.112 1.024 213-1 0.854 14 1.048 1.273 0.926 0.344 0.250* 213-11 1.771 
5 0.398 0.881 0.847 0.881 0.943 225-6 0.780 15 1.342 2.040 1.627 0.730 0.245 225-16 1.510 
6 0.757 0.817 0.780 0.860 0.944 236-1 0.731 16 1.955 2.429 1.510 0.577 0.237 236-11 1.064 
7 0.764 0.717 0.633 0.789 0.953 247-6 0.860 17 (2.473) 1.816 1.243 0.412 0.217 247-16 0.577 
8 0.624 0.507 0.566 0.759 0.751 258-1 0.887 18 •2.098 1.417 1.064 0.522 0.301* 258-11 0.388 
9 0.442 0.462 0.544 0.789 0.930 270-6 0.944 19 1.248 1.054 0.855 0.568 0.398 270-16 0.237 
10 0.493 0.516 0.555 0.695 0.937 0.0 20 1.000 0.923 0.812 0.751 0.578 0.0 



Table 3.7. Normalized stress Intensities for T-15 loaded with Internal pressure 

T-15. P, normalized stress Intensity on outside surface T-15. P, normalized stress intensity on inside surface 
load corresponds to nonlnal stress intensity of 1000 psi load corresponds to nominal stress intensity of 1000 psi 

Gage PHI line Crotch line Gage PHI Une Crotch Une Gage 
0 22.5 45 67.5 90 Gage Index 

Gage 
0 22.5 45 67.5 90 Gage Index 

I 0.988 1.162 1.224 0.813 0.973 0-7 1.162 11 1.273 1.418 1.021 0.497 0.627 0-17 2.406 
2 0.740 0.802 0.897 0.476 0.5 72 11-1 1.252 12 1.153 1.095 0.866 0.771 0.976 11-11 2.311 
3 0.404 0.559 0.495 0.598 0.568 22-6 1.159 13 1.172* 0.972 0.904 0.854 1.103 22-16 1.822 
4 0.191 0.435 0.652 1.032 0.913 33-1 1.054 14 1.196 0.995 0.621 0.488 0.341 33-11 1.920 
5 0.335 0.516 0.728 1.037 0-297) 45-6 0.993 15 1.476 1.337 0.921 0.742 0.373 45-16 1.475 
6 0.952 1.159 0.993 1.001 1.213 56-1 0.866 16 2.111 1.822 1.475 0.778 0.338 56-11 1.176 
7 1.162 1.136 0.907 0.834 1.214 67-6 1.001 17 2.406 2.175 1.595 0.703 0.290 67-16 0.778 
8 1.149 0.877 0.801 0.739 0.928 78-1 1.130 18 (2.596) 2.047 1.428 0.656 0.150 78-11 0.381 
9 0.623 0.499 0.584 0.782 0.970 90-6 1.213 19 1.603 1.361 1.164 0.755 0.388 90-16 0.338 
10 0.538 0.599 0.573 0.750 0.917 0.0 20 0.979 0.820 0.950 0.902 0.738 0.0 

Gage PHI line Crotch line Gage PHI line Crotch line Gage 
180 202.5 225 247.5 270 Gage Index 180 202.5 225 247.5 270 Gage Indei 

1 0.997 1.215 1.184 0.701 0.777 180-7 1.223 
2 0.702 0.839 1.111 0.774 1.019 191-1 (1.344) 
3 0.614 0.693 0.645 0.651 0.613 202-6 1.197 
4 0.316 0.344 0.650 1.070 1.004 213-1 1.000 
5 0.339 0.471 0.731 0.987 1.153 225-6 1.000 
6 0.912 1.197 1.000 0.891 1.183 236-1 0.806 
7 1.223 1.273 0.892 0.763 1.203 247-6 0.891 
8 1.198 0.993 0.703 0.757 0.903 258-1 1.107 
9 0.579 0.518 0.534 0.783 0.950 270-6 1.183 
to 0.477 0.539 0.576 0.737 0.903 0.0 

11 1.440 1.106 1.019* 0.571 0.522 180-17 2.202 
12 1.253 1.073 0.805 0.496 0.424 191-11 2.237 
13 1.127 0.957 0.677 0.702 0.964 202-16 1.826 
14 1.136 0.987* 0.605 0.425 0.299 213-11 1.962 
15 1.362 1.407 0.852 0.598 0.215 225-16 1.391 
16 3.013 1.826 1.391 0.787 0.294 236-11 1.209 
17 3.566* 2.102* 1.644 1.073 0.317 247-16 0.787 
18 (3^654) 1.794 1.406 0.719 0.125 258-11 0.391 
19 1.603 1.372 1.086 0.731 0.445 270-16 0.294 
20 1.187 1.001 0.972 0.684 1.143 0.0 
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There are interesting aspects of the contour plots and the ijrllne 
and circumferential-line plots that cannot be easily seen by looking at 
the tabulated data. For example, the contour plots show that the elastic 
response for all five tees was essentially symmetric about the trans-
verse (90°, 270°) plane for internal-pressure loading. The behavior of 
T-6 and T-8 was more symmetric than that of T-4, T-7, or T-15, which, in 
general, reflects a more uniformly symmetric geometry. None of the 
models, however, were perfectly symmetric, as was evidenced by the fact 
that the maximum stress values were not symmetric. The stress gradients 
were reasonably smooth for all the tees, and there is a notable lack of 
stress discontinuities or isolated regions of extremely high stresses, 
which tends to confirm the advantage of having a contoured outer surface 
that is free of geometric discontinuities. 

When one compares the behavior of T-4 with T-6 and T-8 with T-15, 
which were nominally the same size and material but made by di.i. .erent 
manufacturers, somewhat different response characteristics are apparent 
from the contour and line plots. These figures (see Appendix VIII) show 
that the maximum stresses from internal pressure for T-4 and T-15, made 
by manufacturer I, were located In the longitudinal (0°, 180°) plane as 
one would intuitively expect, whereas the location of the maximum stresses 
for T-6 and T-8, made by manufacturers III and II, respectively, were lo-
cated to the side of the longitudinal plane. For tees T-6 and T-8, the 
largest stress intensities in the longitudinal plane were substantially 
less than the maximum values. Nevertheless, both T-4 and T-15 had higher 
maximum stress indices for internal pressure than did T-6 and T-8 — 4.417 
vs 3.310 and 3.654 vs 2.700, respectively. 

These maximum stress differences can be attributed to differences 
in geometrical details, because all the tees conformed to the same over-
all dimensional requirements of ANSI B16.9. A visual examination of the 
tees showed that T-4 had generally thicker walls than T-6 (T-4 weighed 
21 lb more than T-6); it also had more reinforcement material on the in-
side in the longitudinal plane at the crotch and a shorter transition 
radius on the outside surface. The external surface transition for T-4 
was essentially a circular fillet with a radius of about 1.1 in., whereas 
the transition region for T-6 extended essentially from the branch outlet 



to the run outlet (i.e., from weld prep to weld prep) in the longitudinal 
plane and had a variable radius that ranged from a minimum of ~2.3 to 
~3.0 in. 

The two stainless steel tees T-8 and T-15 were more nearly alike 
than the carbon steel tees T-4 and T-6. They weighed more nearly the 
same (155 and 143.5 lb, respectively) and had very little excess rein-
forcing material on the inside of the crotch. The transition radius was 
somewhat larger for T-8 than for T-15 (about 0.75 and 0.65 in., respec-
tively), and the overall shape of T-8 was more symmetrical and stream-
lined than that of T-15. The diameter of T-15 appeared to have been 
made "oversize" and then reduced at the welding ends to meet the B16.9 
standard dimensional requirements. 

These limited comparisons tend to support the conclusion that the 
radius of the transition has a more important influence on the maximum 
stress intensity than does the overall wall thickness or the amount of 
reinforcing material on the Inside corner of the crotch. This conclu-
sion is consistent with results from theoretical studies by Rodabaugh 
and Gwaltney16 and by Gwaltney and Corum1' on the effects of reinforce-
ment design for nozzles in spherical pressure vessel heads. Their stud-
ies showed that reinforcement material placed entirely on the inside sur-
face has essentially no influence in reducing the maximum stresses and 
that, to be most effective, at least half of the reinforcement should be 
on the outside surface. 

The comparisons also seem to indicate that overall shape and model 
symmetry contribute to the magnitude of the maximum stress intensity. 
The summary of maximum normalized stress intensities in Table 3.2 tends 
to support these conclusions for most of the force and moment loadings 
as well as for Internal pressure. The exceptions are for T-8 and T-15 
force and moment loadings on the run where the maximum values are 
slightly higher for T-8 than for T-15. 
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4. DISCUSSION OF FATIGUE TEST RESULTS 

As stated in Sect. 2.3, fatigue failure for each of the tees was 
expected in about 7000 cycles of moment loading on the branch, with fail-
ure being defined as a leak. For the fatigue test of T-4, which was the 
first to be tested, the first dye-penetrant inspection was made after 
1500 cycles. It was felt that this would be early enough to detect crack 
initiation. However, a number of surface cracks had already appeared in 
the vicinity of gage 67-05 and at a symmetrical location at about <|> » 
239°. Apparently, these cracks were Initiated several hundred cycles 
before the first inspection. For this reason, the Inspections were 
performed every 500 cycles on subsequent tests. 

At the end of each test, the pipe extensions were cut off, and the 
inside surfaces were inspected using liquid dye penetrant, after which 
the tees were returned to ORNL. 

Fatigue test results for each of the tees are discussed individ-
ually in the following paragraphs. In Sect. 4.2, an attempt is made to 
evaluate all the data and draw some general conclusions. 

4.1 Fatigue Crack Initiation and Failure 

The dye-penetrant tests showed that for every model except T-6, 
crack initiation and eventual failure occurred as expected in the vicin-
ity of the most highly stressed region. For T-6, which failed sooner 
than any of the other tees, the location and orientation of the failure 
appeared to be somewhat anomalous. Cracks also appeared on the outside 
surface of every tee at various locations other than the failure point 
prior to eventual failure. No cracks were found on the inside surfaces 
of T-7, T-8, and T-15 other than the failure cracks, whereas T-4 experi-
enced some inside surface crack initiation. 

In Subsections 4.1.1 to 4.1.5, the results from each test are dis-
cussed individually. 
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4.1.1 ResultB for T-4 

Photographs of the fatigue cracks were taken at various cycle In-
tervals until failure occurred after 2062 cycles. The crack that first 
appeared at <J> • 67° propagated along the crotch line until a leak ulti-
mately occurred at <|> « 90°, as shown In Figs. 4.1—4.5. The internal 
pressure in the tee was 1925 psig at the time of failure, and a high-
pressure stream of water was expected. However, due to the size of the 
failure crack, the flow of water was similar to the flow from a faucet 
under low pressure. 

After the tee had failed, the pipe extensions were cut off and the 
inside surface was Inspected with a dye penetrant. Additional fatigue 
cracks were found on the inside surface at <J> - 45° and <f) • 315° lying in 
directions normal to the fatigue cracks on the outside surface. These 
cracks may be seen in Fig. 4.6 along with the fatigue crack that propa-
gated from the outside surface and eventually resulted in the leak. (The 
cracks were filled with a white lacquer to make them stand out in the 
photograph.) The principal stress in the vicinity of these cracks was 
2.09 ksi/1000 lbf as compared with 2.77 ksi/1000 lbf at gage site 67-05. 

4.1.2 Results for T-6 

The area within 22° on either side of the 56° <j> line was given a 
dye-penetrant Inspection every 500 cycles to detect crack initiation. 
No cracks were found during dye-penetrant inspections at the 500- and 
1000-cycle intervals; however, after 1309 cycles, a considerable amount 
of water was noted on the floor near T-6. Investigation revealed the 
existence of a large crack about 1 ft long between the 90° and 22° <J> 
lines, as shown in Fig. 4.7. Internal pressure was lost, and most of 
the water in the tee had drained out. The facility was shut down, and a 
complete inspection of the outside surface was made. 

The only other cracks on the outside surface were a series of small 
cracks between the 270° and 0° $ lines running parallel to the direction 
of principal stress, perpendicular to the expected directions. On the 
inside surface, fatigue cracks, shown In Figs. 4.8 and 4.9, were located 



Fig. 4.1. Fatigue cracks in T-4 after 1651 cycles. 
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ORNL-PHOTO 6408-83 

Fig. 4.2. Fatigue cracks in T-4 after 1760 cycles. 
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ORNL-PHOTO 0400-83 

Fig. 4.3. Fatigue cracks in T-4 after 1970 cycles. 



Fig. 4.4. Fatigue cracks in T-4 after 1651 cycles. 
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ORNL-PHOTO 6411-83 

Fig. 4.5. Fatigue cracks in T-4 after railure acr 204^cycles. 
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Fig. 4.6. View of inside surface of T-4 after fatigue testing. 
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Fig. 4.7. Fatigue crack in T-6 after failure at 1309 cycles (from 
90° to • = 22°). 
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Fig. 4.8. 
afcer failure. 

Fatigue cracks on inside and outside surfaces of T-6 
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M&C PHOTO V114163 

Fig. 4.9. Fatigue cracks on inside surface of T-6 after failure at 
1309 cycles - 335°). 
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at about $ - 335°. Although these cracks had not propagated through the 
wall, they were of sufficient length and orientation to indicate the po-
tential for eventual failure had the tee not already failed. 

After T-6 was returned to ORNL, a rather extensive posttest exami-
nation was conducted. The cracked areas were removed from the tee with 
a cutting torch, and the failure crack surfaces were exposed. Figure 
4.10 shows an elliptically shaped crack that apparently initiated at the 
outside surface of the tee and propagated inward at a rapid rate causing 
instantaneous structural failure. The chevron pattern on the fracture 
surface and the absence of any strlation morphology supports the conclu-
sion of fast fracture. An extensive visual examination of the fracture 
surface indicated that failure could have propagated from small surface 
cracks that were about 0.3 In. deep and perhaps 0.6 in. long, although 
such surface flaws were not in evidence when the tee was purchased* 

Room temperature tensile and Charpy-V notch (Cy) properties of the 
steel, obtained from samples taken from the bottom of T-6, are summar-
ized in Table 4.1. Although the Charpy energy is somewhat low, there is 
nothing unusual in the data to suggest that the material was not fully 
acceptable for ASME Class 1 construction. 

Table 4.1. Room-temperature mechanical properties of T-6 

Tensile 
yield 
strength 
(ksi) 

Ultimate 
tensile 
strength 
(ksi) 

Tensile 
elongation 
(% in 2 in.) 

Area 
reduction 

(%) 

Charpy 
energy 
(ft-lb) 

Minimum 40.7 65.3 34 59.1 42 
Average 43.1 71.0 36 63.9 71 
Maximum 46.1 72.8 38 68.1 122 

4.1.3 Results for T-7 

The area within 22° on either side of the 0° $ line was given a 
dye-penetrant inspection every 500 cycles to detect crack initiation. 
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The first crack started near the 0-02 rosette In the root radius of the 
transition weld from the run pipe to the tee after 3528 cycles. Several 
small cracks then appeared in this root radius at about 10° on either 
side of the 0° <p line and propagated until one continuous crack was 
formed. These cracks did not grow to any significant depth and did not 
influence the final failure. 

At 3843 cycles, a 3/8-in.-long crack was noted on the tee at the 
0-07 gage site, and a 1-1/2-in.-long crack was noted at the 0-08 gage 
site. The crack close to the 0-08 rosette eventually propagated through 
the tee wall after 11,475 cycles. Before, failure occurred, however, 
many small cracks had appeared in the area within 22° on either Bide of 
the 0° <j> line, and two cracks were fairly deep at symmetrical locations 
at the 0-07 level at <j> - 20° and (j> - 340°. The crack growth described 
may be seen in Figs. 4.11—4.15. Final inspection of the inside surface 
revealed no crack other than the one that propagated from the outside 
surface. 

4.1.4 Results for T-8 
» 

The initial cracks were found during an inspection at 2035 cycles 
at the 78° and 90° <(> lines just above the crotch line. Cracks were also 
found at symmetrical locations at the 270° and 282° <f> positions after 3033 
cycles. Figures 4.16—4.20 show the growth of the two sets of cracks from 
3763 cycles to failure. The tee failed after 8979 cycles when leaks 
occurred at both 90° and 270°. 

The pipe extensions were cut off, and the Inside surface was in-
spected using liquid dye penetrant. No cracks were found other than the 
crack that propagated from the outside surface. 

4.1.5 Results for T-15 

The first cracks were found during an inspection at 3200 cycles at 
both the 90° and 270° <f> lines. Figures 4.21—4.23 show the growth of 
the crackb from 7450 cycle8 to failure. The tee failed after 10,200 
cycles when a leak occurred in the crotch region at 270°. 
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ORNL-PHOTO 0413-83 

Fig. 4.11. Fatigue cracks In T-7 after 5024 cycles. 
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ORNL-PHOTO 0413-83 

Fig. 4.12. Fatigue cracks in T-7 after 6372 cycles. 
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ORNL-PHOTO 0413-83 

Fig. 4.13. Fatigue cracks in T-7 after 8465 cycles. 





ORNL-PHOTO 6417-83 

Fig. 4.15. Fatigue cracks in T-7 after failure at 11,475 cycles. 



Fig. 4.23. Fatigue cracks in T-15 after failure at 10,200 cycles. 
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ORNL-PHOTO 8420-83 
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Fig. 4.18. Fatigue cracks in T-8 after 6920 cycles. 



81 

ORNL-PHOTO 0421-83 
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Fig. 4.19. Fatigue cracks in T-8 after failure at 8°79 cycles. 



Figi- 4.20. Fatigue cracks on inside surface of T-8 at 270* after 
failure (without dye penetrant). 



Fig. 4.23. Fatigue cracks in T-15 after failure at 10,200 cycles. 
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ORNL-PHOTO 6424-83 

Fig. 4.^2. Fatigue cracks in T-15 after 9550 cycles. 



Fig. 4.23. Fatigue cracks in T-15 after failure at 10,200 cycles. 
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The pipe extensions were cut off, and the inside surface was in-
spected using liquid dye penetrant. No cracks were found other than the 
crack that propagated from the outside surface. 

4.2 Evaluation of Fatigue Test Data 

One of the major objectives of this test series was to obtain, under 
controlled laboratory conditions, piping component fatigue failure data 
that could be used* nt taaat in a limited sense, to assess the adequacy 
of the fatigue design analysis procedures currently specified in the 
ASME Code for Class 1 piping systems. Because this procedure provides 
only a "lower-bound limit" , the cyclic life of the component under 
specified design condition*, no differentiation between crack initiation, 
crac' growth, or struck failure is made. The loading conditions and 
the total number of loading cycles to structural failure are therefore the 
important variables yaluating the Code analysis. These results are 
summarized in Table 4.2. 

Table 4.2. Results from displacement-controlled 
fatigue tests of 12-in. NFS ANSI B16.9 tees 

Tee 
No. 

Constant 
internal 
pressure 
(psi) 

Applied 
branch 
moraent 

Equivalent 
elastic 

alternating 
stress, S 

(psi) 

Number 
of cycles 
to failure 

T-4 1925 Mq(±F3Z) ±83,100 2,062 
T-6 1925 Mq(±F3Z) ±83,460 1,309 
T-7 3240 MjCiFSX) ±85,358 11,475 
T-8 950 Mq(±F3Z) ±80,790 8,979 
T-15 950 Mq(±F3Z) ±84,640 10,200 

However, some additional information was obtained on crack initiation 
and shakedown strain range, which may be of value for further study. Crack 
initiation data are summarized in Table 4.3. 
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Table 4.3. Summary of crack initiation data 

Tee Cycles to crack Cycles to Percent to 
No. initiation failure initiation 
T-4 <1,500 2,062 <72.8 
T-6 >1,000 1,309 >76.3 
T-7 <3,528 11,475 <30.8 
T-8 <2,035 8,979 <22.6 
T-15 <3,200 10,200 <31.4 

It may be noted that for the three stainless steel tees (T-7, T-8, 
and T-15), crack initiation occurred at 20% to 30% of the total cycles 
to failure, whereas for the carbon steel tees (T-4 and T-6), crack ini-
tiation occurred in the neighborhood of 75% of the test life. In the 
case of T-4, the number of cycles to initiation is not known other than 
that it was <1500 cycles (73%). It appeared that crack initiation oc-
curred several hundred cycles earlier, but this may not have been the 
case, because T-6 went from no detectable crack to failure within 300 
cycles. Although crack Initiation data from the carbon steel models is 
very limited and perhaps of doubtful significance, it appears that there 
is a significant difference in crack initiation behavior between the 
carbon and the stainless steel models. This is probably due to a dif-
ference in the crack-growth-rate characteristics of the two materials, 
because stainless steel is recognized as being less notch sensitive in 
fatigue than carbon steel. It does not seem likely that the difference 
is due to any major differences in the stress distributions in the re-
spective tees, in the sense of "membrane" and "bending stresses," al-
though redistribution of maximum stresses in localized regions may have 
been an important factor. 

The strain range after shakedown (10 cycles) for each of the tees 
was also measured, but only at selected gage sites where the maximum 
stresses would occur, and then only for the No. 2 leg of the strain 
rosettes. These data, given earlier in Table 2.6, are summarized in 
Table 4.4. 
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Table 4.4. Maximum strain 
range after shakedowif* 

Tee No. Strain range 
(liin./in.) 

TH?> 8,750 
T-6 11,500 
T-7 4,980 
T-8 7,996 
T-15 5,680 

aMeasured after 10 
cycles on leg 2 of the 
strain rosette. 

^Initial strain range 
for T-4 was 14,350 yin./in. 

The only apparent observation that can be made from these data is 
that the shakedown strain range for the stainless steel models T-7, T-8, 
and T-15 tends to be lower than that for the carbon steel tees. Because 
each model was loaded to approximately the same maximum stress,* this 
seems to indicate that the stainless steel structures deformed plas-
tically over a larger region than did the carbon steel models, thus re-
distributing the maximum stresses in a somewhat different and more fa-
vorable fashion. If so, both crack initiation and crack growth could be 
expected to take longer for the stainless steel tees because of the 
lower maximum stresses after the initial plastic deformations. 

From these limited data, it seems apparent that further studies de-
signed specifically to investigate crack initiation and growth, as well 
as the stress redistributions caused by high Initial loadings, should be 
undertaken. One could then expect to develop improved correlations for 
the design of piping systems that are expected to operate in the "low-
cycle" fatigue range, that is, 103 to 106 cycles to failure. 

^Presumably, the maximum initial strains were also approximately 
equal. Unfortunately, the maximum initial strain was recorded only for 
T-4. 
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A comparison between the present fatigue qualification requirements 
of the Code and the observed fatigue life of the tees will be developed 
in a separate report. 
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5. SUMMARY AND CONCLUSIONS 

This report, along with the materials contained In the appendixes, 
is a complete documentation of a series of experimental elastic-response 
stress analyses and low-cycle fatigue-to-failure tests of five 12-in. 
ANSI Standard B16.9 forged piping tees Chat were made by three of the 
major suppliers of piping products to the U.S. nuclear power industry. 
The objectives of the study were to provide sufficient baseline struc-
tural response-to-load information to enable evaluation and/or improve-
ments to the current ASME Code design rules and criteria for nuclear 
power plant piping system tees. 

The test assemblies for each of the five tees, which were con-
structed by attaching segments of standard-size pipe to the tees with 
nuclear-quality welds, were instrumented with about 220 three-gage 
strain rosettes and loaded with 13 different loadings in the elastic-
response range, including internal-pressure and direct force and bead-
ing-moment loads applied to the ends of the pipe extensions. An attempt 
has been made to present the experimental results in a manner that will 
serve the needs of research workers with various Interests. For those 
interested primarily in experimental techniques, complete sets of speci-
fications for constructing and testing the assemblies as well as com-
plete documentation of the materials and procedures used in the tests 
have been Included in the appendixes. 

For those readers needing experimental benchmark data for compari-
son with either theoretical or other experimental stress analysis stud-
ies, detailed listings of the measured strains and calculated principal 
stresses, directed stress components, and stress intensities, as well as 
precise strain gage location data, have been included in the appendixes. 
The strain gage location data may also be used to provide a rather de-
tailed description of the model geometry. 

Results from the elastic-response tests are also presented graphi-
cally in the form of stress-intensity contour plots and selected line 
plots of the stress intensity as a function of gage position. These 
figures give a detailed description of the elastic-stress distributions 
over the body of each tee as well as showing the locations and magni-
tudes of the maximum stresses for each of the 13 different loadings. 



For those readers concerned primarily with stress Indices and flex-
ibility factors for Code-related design calculations, this study has 
normalized and summarized the maximum stress-intensity data for compari-
son with the Code indices and has Included in the appendixes detailed 
load-displacement measurements from 16 dial Indicators that were located 
on the pipe extensions during the elastic-response tests. 

Results from the elastic-response tests of these particular five 
12-in. ANSI B16.9 tees support the following observations. In general, 
the stress distributions for all the loadings were smooth and without 
steep gradients or sharp discontinuities, and the maximum stresses were 
located either at or very near one of the strain gages* These facts, in 
addition to the detailed analyses and numerous tests of the data, jus-
tify a very high confidence in the accuracy of the reported results. 

As expected, the elastic response to Internal pressure was essen-
tially symmetric with respect to the transverse plane for all the tees, 
but different response characteristics were observed, due primarily to 
local differences in the shape of the tees. Although geometric symmetry 
is important, the most Important geometric variable appears to be the 
external surface radius of curvature at the transition between the 
branch and the run outlets. This was manifested by the higher maximum 
stresses for the tees made by manufacturer I as compared with those made 
by the other two manufacturers. 

The highest maximum normalized stress intensities for all the tees 
resulted from axial loads on the branch. A direct comparison between 
the numbers for axial loads and bending loads is misleading, however, 
because of the different normalizing factors. Transverse-force loads 
and bendlng-moment loads gave comparable results for both the branch and 
run loadings to within 10% to 15% except for in-plane loadings on the 
run of T-7, for which the difference was about 35%. These results sup-
port the current design practice of ignoring transverse shear but sug-
gest that perhaps axial thrust loads should be considered. Firm con-
clusions regarding the adequacy of the stress Indices for Class 1 piping 
system tees given in the Code cannot be made until the experimental data 
are studied further and data from other tests are included. This will 
be done in a separate report* 
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After the elastic-response tests were completed and the data were 
reduced and examined for acceptability, each tee assembly was fatigue 
tested to failure with either an in-plane or an out-of-plane bendlng-
type force load on the branch pipe, depending on which produced the 
highest maximum stresses. Tee No. T-7 was fatigue tested with an In-
plane loading, and the other tees were fatigue tested with an out-of-
plane loading. Each test assembly was pressurized to its nominal design 
pressure, and the maximum branch-pipe displacements were fixed through-
out the tests. 

During the fatigue tests, each test assembly was loaded with an 
alternating bending stress nominally equal to about ±83,400 psi (elastic 
equivalent) for an expected fatigue life of about 7,000 cycles, based on 
Markl's correlation. The maximum strain ranges were measured for the 
first 10 cycles to ensure shakedown, and the test assemblies were peri-
odically examined with a liquid dye penetrant to determine the approxi-
mate number of cycles for crack initiation. Numerous photographs of the 
developing fatigue cracks were taken until the tee failed. After fail-
ure, the pipe extensions were cut off, and the inside surface of the 
tees was inspected using a dye penetrant and then photographed, after 
which the tees were returned to ORNL. 

The dye-penetrant examinations showed that for every model except 
T-6, crack initiation and eventual failure occurred as expected in the 
vicinity of the most highly stressed region. The fatigue behavior of 
T-6 was anomalous in several respects, and therefore the tee and crack 
surface were oetallurgically examined at ORNL. No apparent reasons for 
the anomalous fatigue behavior were discovered. 

In addition to the fatigue failure data, some Information was ob-
tained on crack initiation and shakedown strain range that may be of value 
for further study. The fatigue test results as well as the elastic-
response test results will be used in a separate study to assess the cur-
rent ASME Code design procedures for nuclear power plant piping systems. 
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