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REPORT SUMMARY

This report presents the results of an investigation into the effects of pad reinforcement
on the flexibility and fatigue life of fabricated tees. Equations are provided, based on
analyses and test data, for determining stress intensification factors and flexibility
factors. The expressions presented in this report significantly improve the evaluation of
the fatigue life of pad-reinforced branch connections.

Background

Fatigue is an important concern in the design and engineering of piping systems. The
ASME Section 11 Class 2 & 3, and B31 piping design codes use factors such as stress
intensification factors to account for fatigue effects produced by reversing loads. These
factors are known to often be conservative. The present version of the ASME Code does
not clearly define the flexibility factors for all configurations of branch connections.

Objectives

To derive expressions for stress intensification factors (SIF) for pad-reinforced
branch connections

To derive expressions for flexibility factors for accurately modeling the behavior
of pad-reinforced branch connections in a piping analysis

Approach

A detailed investigation of the behavior of unreinforced fabricated branch connections
has been documented in EPRI report TR-110996. Researchers conducted fatigue tests on
pad-reinforced branch connections and compared the results to the predicted behavior
of the unreinforced branch connections. The differences in results were used to quantify
the effects of pad reinforcement.

Results

Adjustments were made to the SIF equations in TR-110996. An adjusted thickness term,
T*, was introduced to account for the pad reinforcement. This term accounts for the
reduction in SIF due to reinforcement. This new equation is valid for both in-plane and
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out-of-plane bending and is valid for all loading conditions on the branch and run pipe.
Parameter limitations were established for the results to be applicable to various pad
configurations.

Regarding flexibility factors, the T* term was also applied to previously derived
equations in TR-110996 to evaluate the branch pipe. However, it was determined that
there does not appear to be sufficient data to justify adjusting the flexibility of the run
pipe for the effect of the pad-reinforced branch connection.

EPRI Perspective

Design for fatigue is a major concern for any power or process facility. Accurate
methods of engineering for fatigue are important for cost-effective design, for root
cause failures, and for evaluating remaining fatigue life of plant designs. The work
being done under EPRI’s SIF optimization program continues to establish the technical
justification to allow for reductions in current Code stress intensification factors. The
results of this program can provide a basis to reduce the scope of ongoing pressure
boundary component testing and inspection programs in operating nuclear power
plants. Examples include reductions in the inspection scope of postulated high- and
moderate-energy line break locations and reduction of snubber testing.

TR-110755
Interest Categories

Piping, reactor vessel, and internals
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ABSTRACT

This report was prepared under the auspices of the EPRI (Electric Power Research
Institute) project on Stress Intensification Factor Optimization. The fatigue life of branch
connections is a major consideration in the design and evaluation of piping systems.
This report presents the results of an investigation of the effects of pad reinforcement
on the flexibility and fatigue life of fabricated tees subject to various moments. The
report reviews existing test data and develops expressions for estimating SIFs and
flexibility factors. The expressions presented in this report significantly improve the
evaluation of the fatigue life of pad-reinforced branch connections.
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1

INTRODUCTION

The configuration of a pad-reinforced fabricated branch connection is shown in Figures
1-1 and 1-2. A pad-reinforced branch connection can be visualized as an unreinforced
fabricated branch connection with a collar added at the base of the branch segment. A
detailed investigation of the behavior of unreinforced fabricated branch connections
has been conducted under this EPRI-sponsored research effort [1]. This study presents
the results of fatigue tests conducted on pad-reinforced branch connections, and
compares the results to the predicted behavior of an unreinforced fabricated branch
connection. The differences in results are used to quantify the effects of pad
reinforcement.

e

A - M,

. .
N M,

Figure 1-1
Pad-Reinforced Fabricated Branch Connection

1.1 Nomenclature

A, = constant used in expression for SIFs

B, = constant used in expression for flexibility
D = mean diameter of run pipe, inches

d = mean diameter of the branch pipe, inches
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D, = outside diameter of the run pipe, inches

D,, = diameter of pad, inches

d, = outside diameter of the branch pipe, inches

F = force applied to test specimens, pounds

K = overall stiffness of test configurations, pounds/inch
n,, n,, and n, = constants

T = wall thickness of the run pipe, inches

T* = adjusted wall thickness of the run pipe, inches

t= wall thickness of the branch pipe, inches

t. = thickness of reinforcement pad, inches

t, = effective fitting thickness, inches

R = mean radius of the run pipe, R = (D_-T)/2, inches

r = mean radius of the branch pipe, r = (d_-t)/2, inches
R/T = characteristic of the run pipe

r/t = characteristic of the branch pipe

r/R = characteristic of the connection

t/T = characteristic of the connection

Z = approximate section modulus of the run pipe, in’, =TR’T
z = approximate section modulus of the branch pipe, in’, =rr’t
M, = in-plane bending moments on the run, in-Ib.

M,, = out-of-plane bending moments on the run, in-Ib.

M, = torsion moments on the run, in-lb.
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M,, = in-plane bending moment on the branch, in-Ib.

Mo = out-of-plane bending moment on the branch, in-Ib.

Mw = torsion moment on the branch, in-1b.

iiv = Stress Intensification Factor for in-plane bending moments on the branch pipe

i = Stress Intensification Factor for out-of-plane bending moments on the branch pipe

i = Stress Intensification Factor for torsion moments on the branch pipe

iir = Stress Intensification Factor for through-run in-plane bending moments on the run pipe

ior = Stress Intensification Factor for through-run, out-of-plane bending moments on the run
pipe

ir = Stress Intensification Factor for through-run torsion moments on the run pipe

ki = Flexibility Factor for in-plane bending moments on the branch pipe

ko = Flexibility Factor for out-of-plane bending moments on the branch pipe

ke = Flexibility Factor for torsion moments on the branch pipe

kir = Flexibility Factor for through-run in-plane bending moments on the run pipe

kor = Flexibility Factor for through-run, out-of-plane bending moments on the run pipe

ke = Flexibility Factor for through-run, torsion moments on the run pipe

1-3
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Pad Diameter, D,,

< >
d,

——

o

Figure 1-2
Cross-section of Pad-Reinforced Fabricated Tee
1.2 Current Code Factors

The current Code expression [2,3] for the Stress Intensification Factor for a pad-
reinforced branch connection is:

i =0.9/h™”? (eq. 1-1)
where:
h=(T+ tr/2)3’2/ (Rtf’z) (eq. 1-2)

Equation 1-1 values are applied to the resultant moment on each of the three sides of
the tee connection.

These expressions are based on Markl’s work [4]. Markl began with the premise that
the i-factor was of the form:

i=0.9/h*° >1

where

h=c(t/R) and c=(t /T)"’

Markl called h, the effective flexibility factor, and said that ¢ takes account of the increased

section modulus. Both of these factors are a function of the effective fitting thickness at the
juncture, t, which Markl saw to be the average of the thickness of the run pipe and the

1 Loy

thickness of the branch pipe (t,=(T+t)/2). For a pad thickness, t, and for a connection

1-4
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with t=T, then t =(T+t +T)/2= T+t /2. Thus, Markl determined t, to be the pipe wall
thickness increased by one half the excess thickness, t, provided in either the run or
branch, by use of thicker piping, or pad, or saddle. Note that Markl’s statement is for
t=T.

In 1965, ANSI Code Case 53 [5] introduced rules for evaluation of reduced branch
outlet tee connections. These rules use z=rr’t, where t_is the lesser of T or i*t, instead of
z=1wr’t, for evaluation of the branch side resultant moment. The Code Case is now
incorporated in the sections of the Code on determination of moments and section
modulus of tee connections. The effect of the Code Case is to change Equation 1-1 to the
following two equations:

[ = 0.9R™’ [T/(T+t/2)*"] =1.0 (eq. 1-3)

run

iy = 0.9RY [T/(T+t/2)*°](/T) >1.0 (eq. 1-4)
Equation 1-3, is used with Z=iR’T to evaluate the resultant moments on the run sides of
the tee connection, and Equation 1-4 is used with z=ro’t to evaluate the resultant
moment on the branch side of the tee connection. Equations 1-3 and 1-4 are applied
over the entire range of 0<r/R<1.0. The current Code expression for the i-factor is

independent of any reinforcement pad dimension other than the thickness of the pad.
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EXPERIMENTAL RESULTS

2.1 Markl Tests

Markl tested 4x4 pad-reinforced branch connections with the following results. All
branch connections had an outside diameter, D,= d = 4.5 inches and wall thicknesses
were either T=t=0.237 inches, or T=t=0.12 inches. The reinforcement pads were either

elliptical or circular in shape.

Test Pad thickness,t.  Pad Outside Diameter

Load Direction

test

1 0.237 inches 7 inches in-plane branch 1.78
2 0.237 inches 7 inches out-of-plane branch 1.83
3 0.120 inches 8 inches in-plane branch 2.21
4 0.120 inches 8 inches out-of-plane branch 2.43
Markl also cited a fatigue test by Blair [6] conducted on a D = d = 6.5 inches,
t=T=0.26 inches, pad-reinforced tee with the following result:

Test Pad thickness,t. ~ Pad Outside Diameter Load Direction lest
5 0.312 inches 10.75 inches in-plane branch 2.58

Markl computed i-factors for these specimens, using Equation 1-1, of

Test (. Eq. 1-1 i-factor % Difference
1 1.78 1.98 11%

2 1.83 1.98 8%

3 2.21 3.17 44%

4 2.43 3.17 31%

5 2.58 2.16 -16%

2-1
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Experimental Results

2.2 EPRI Tests

2.2.1 Objectives

The most obvious void in Markl’s information is the lack of fatigue tests on reduced
branch outlet tees. To fill this void, fatigue tests on reduced branch outlet fabricated
branch connections were conducted under this research effort.

2.2.2 Specimens

In-plane bending of the branch fatigue tests were conducted on four 8x4 inch NPS
fabricated tees reinforced with 0.25 inch thick circular pads. The specimens were
manufactured by Wilson Welding Service, Inc., of Decatur, GA. The reinforcement pad
outside diameter was varied among the four specimens to examine the effect of this
dimension. The specimen configurations are illustrated in Figure 2-1.

COVER PLATE

4" NPS SCH. 40 PIPE
I_I

LOAD POINT REINFORCING [

PAD

16”

LOAD
DIRECTION Om :
I—l /
\ / 18-11/16" ;
| —————>

FLANGES

63"

| ~46" —— »
VARIES

FOR TEST SPECIMEN

8"NPSSCH. 20PIPE ——|—*

FLANGE

\ ‘L

Figure 2-1
Test Configuration

2-2
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2.2.3 Testing

The testing was performed at the Ohio State University. See reference [7] for a
description of the test equipment and methodology.

The test distance from the load point to the surface of the pipe (~46 inches) varies
slightly for each test specimen. The measured distance that is dependent on the
installation is included in the test data.

The test data, results, and other information are provided in Appendix C. The tests
were displacement-controlled cantilever bending tests. The tests followed the standard
approach corresponding to Markl type tests [4]. Each specimen was first tested to
determine the load deflection curve for that particular specimen. The load deflection
curve was used to determine the stiffness of each specimen, and the load applied to the
specimen by a given amount of displacement. The load deflection curves were
determined for loading in both positive and negative loading directions (down and
up). Each specimen was then fatigue tested by cycling the deflection in both directions
of loading by a controlled amount. The cycles to failure were counted to determine the
fatigue life. Failure was detected when throughwall cracks formed at the toe of the filet
weld in the longitudinal plane and water leaked through the crack.

2.2.4 Fatigue Test Results

Testing was conducted at Ohio State University. The test report is provided in
Appendix C of this report. The fatigue test results for each specimen were as follows:

Specimen  Pad OD Nominal Stress (M/z) Cycles to Failure i

test

E 6 26,773 1,260 2.20
F 7 23,997 1,901 2.26
G 9.5 28,752 1,366 2.01
H 7.5 28,133 1,075 2.16

The value of i is calculated from i = 245,000 N**/S, where N = cycles to failure, and S =
M/z = FL/z. The value of z in the calculation of the nominal stress is given by the
expression z=1wr’t for consistency with the i-factors determined for unreinforced branch
connections.

2.2.5 Stiffness Results

As discussed above, the stiffness of each of the four EPRI test specimens was
determined experimentally and is given below. The width of the pad, D, -d,, divided
by the “attenuation length” 2(D,t)" is also given for comparison.

2-3
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Experimental Results

Specimen Stiffness D,, (D,,-d.)/(2(D,t)™)
(Ibs/in) (in)

E 1963 6.0 0.51

F 2018 7.0 0.85

G 2109 9.5 1.70

H 2092 7.5 1.02

The average stiffness is 2046 Ibs/in. The range from this average value is +4 to -3%.
This test series suggests that if the pad width divided by the attenuation length 2(D_t )"’
is greater than approximately 0.5, further increases in pad outside diameter, D_, have
no effect on i-factors or k- factors.

op’

2-4
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3

STRESS INTENSIFICATION FACTORS

3.1 Discussion

Pad-reinforced branch connections are similar to unreinforced branch connections. It is
expected that, with an adjustment to account for the effects of the pad, the equations for
the SIFs should be very similar. Consequently, the approach used in this study is to
compare the data for the pad-reinforced branch connections to the results from the
study on unreinforced branch connections and determine if an adjustment considering
the reinforcement would result in a methodology that would be applicable to the pad-
reinforced connections.

3.2 Unreinforced Fabricated Branch Connections

Reference [1] provides a detailed study of the SIFs for unreinforced fabricated branch
connections. The equations for SIFs are developed based upon test data and extensive
finite element analysis. The conclusions of the report contain the equations for the SIFs
for different loading conditions, discussion on the combination of moments, and the
applicability of the results. This information is summarized below:

For individual loadings, for example, torsion, in-plane and out-of-plane bending, the
stress intensification factors for the branch and run pipe ends are given by:

- nl n2 n3
L, =A,R/T)(r/t)"(r/R)” 21.0 (eq. 3-1)
Part SIF A, n, n, n,
In-plane  Branch i 0.515 1.05 -0.387 0.49
bending  Run i, 0.985 -0.137  0.482 0.241
Out-of- Branch i Notel 1.40 -0.558 0.406
plane Run I, 0.605 -0.237  0.528 1.42
bending
Torsion Branch i 0.850 1.00 -0.50 2.10
Run [ 0.864 -0.0473  0.543 0.609

Note 1: Replace A with 1.28[1.28(r/R)-(r/R)]
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For combination of stresses due to different moments, the various code committees are
considering changes at this time. Until these changes are finalized, the evaluation of the
stresses must be based on the maximum i-factor for the branch and the maximum i-
factor of the run. If Section 11 is the Code of record (for Class 2 or 3 piping), Equation 3-
2 should be used for evaluating the branch connections where the branch and each end
of the run pipe are evaluated.

S = i(M? + M2 + M{)™*
Z.

(eq. 3-2)

The values of the moments and section modulus are appropriate for the location. The
value of Z, for the branch is given by the equation :

z =1t (eq. 3-3)
For the run pipe, Z. is:

Z=TRT (eq. 3-4)

For the branch, the value of i is the maximum of i, i,

is the maximum of i, ori,.

ir? IOH

or i,. For the run, the value of i

If B31.1 is the Code of record, a less conservative approach is permitted. This is
discussed in reference [1].

The equations specified above in Equation 3-1 are applicable to the following range of
parameters [1]:

3.75<R/T <495 (eq. 3-5)
3.75 <r/t< 99 (eq. 3-6)
0.125<r/R<1.0 (eq. 3-7)

3.3 Extension to Pad-Reinforced Branch Connections

Table 3-1 lists the fatigue test results for pad-reinforced branch connections. The tests
labeled 1, 2, 3, 4, and 5 were conducted or cited by Markl. The tests labeled E, F, G, and
H are the EPRI-sponsored tests. The tests labeled K1, K2, K3, and K4 are from Khan [8].
The type of loading (in-plane or out-of-plane loading) is indicated. All loads were
applied to the branch. The column titled “i__ lists the experimentally determined i-
factors.

test

Table 3-2 contains a comparison of the test i-factors to those derived from the present
Code (labeled i__, ) and to the expressions for the unreinforced fabricated branch

3-2

Code
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connections given in Equation 3-1 above (labeled i ). The columns marked “% Diff”
contain the percentage differences between the test data and either i, or i . Note that
the form of the equation for i, used in Table 3-2 corresponds to the type of loading, in
other words, loading on the branch, either in-plane or out-of-plane.

The average, maximum, and minimum percentage differences are also listed in
Table 3-2.
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Table 3-1
Test Data for Pad-Reinforced Fabricated Tees

Test

I OTTmMmodwN ek

Notes:

Load D,
Direction (in.)
in-plane | 4.500

out-of-plane ' 4.500
in-plane | 4.500
out-of-plane ' 4.500
in-plane | 6.500
in-plane | 8.625
in-plane | 8.625
in-plane | 8.625
in-plane | 8.625
out-of-plane ' 8.625
out-of-plane ' 8.625
out-of-plane ' 12.75
out-of-plane ' 12.75

-
@in))
0.237
0.237
0.120
0.120
0.260
0.250
0.250
0.250
0.250
0.322
0.322
0.375
0.375

d(]
@in))
4.500
4.500
4.500
4.500
6.500
4.500
4.500
4,500
4.500
3.500
6.625
6.625
8.625

t t,
(iny | (n)
0.237 | 0.237
0.237 | 0.237
0.120 | 0.120
0.120 | 0.120
0.260 | 0.312
0.237 | 0.250
0.237 | 0.250
0.237 | 0.250
0.237 | 0.250
0.216 | 0.322
0.280 | 0.322
0.280 | 0.375
0.322 | 0.375

te
(in))
0.356
0.356
0.180
0.180
0.416
0.375
0.375
0.375
0.375
0.483
0.483
0.563
0.563

Pad OD

Dg,

(in.)
7.00
7.00
8.00
8.00
10.75
6.00
7.00
9.50
7.50
6.00
12.00
12.00
15.00

R
(in))
2.132
2.132
2.190
2.190
3.120
4.188
4.188
4.188
4.188
4.152
4.152
6.188
6.188

;
(in))
2.132
2.132
2.190
2.190
3.120
2.132
2.132
2.132
2.132
1.642
3.173
3.173
4.152

R/T 1/t
8.99
8.99

18.25

18.25

12.00

16.75

16.75

16.75

16.75

12.89

12.89

16.50

16.50

8.99
8.99
18.25
18.25
12.00
8.99
8.99
8.99
8.99
7.60
11.33
11.33
12.89

'R

1.000
1.000
1.000
1.000
1.000
0.509
0.509
0.509
0.509
0.396
0.764
0.513
0.671

1. This table is produced on a spreadsheet using EXCEL. The number of significant figures is greater than indicated.
2. All loads are on the branch.

Table 3-2
Comparison to Unreinforced Branch Connections and Code Expressions

Test Load
Direction
1 in-plane
2 out-of-plane
3 in-plane
4 out-of-plane
5 in-plane
E in-plane
F in-plane
G in-plane
H in-plane
K1 | out-of-plane
K2 | out-of-plane
K3 | out-of-plane
K4 | out-of-plane
Notes:

RIT

8.99

8.99

18.25
18.25
12.00
16.75
16.75
16.75
16.75
12.89
12.89
16.50
16.50

r/t

8.99
8.99
18.25
18.25
12.00
8.99
8.99
8.99
8.99
7.60
11.33
11.33
12.89

'R

1.000
1.000
1.000
1.000
1.000
0.509
0.509
0.509
0.509
0.396
0.764
0.513
0.671

|test

1.78
1.83
2.21
2.43
2.58
2.20
2.26
2.01
2.16
1.95
2.78
3.47
3.91

iuft %Diff
2.20 | 19.1
2.28 | 19.7
3.51 | 37.1
413 | 41.2
2.66 3.1
3.04 | 27.7
3.04 | 25.7
3.04 | 33.8
3.04 | 29.0
2.18 | 104
257 | 81
2.74 | -26.6
2.97 | -31.5
AVE =13.9
MAX=41.2
MIN=-31.5

1. This table is produced on a spreadsheet using EXCEL.
The number of significant figures is greater than indicated.
2. iy is determined by Equation 3-1 in this report.

icode %Diff
1.98 11.2
1.98 8.2
3.17 43.6
3.17 30.6
2.16 -16.5
2.84 29.5
2.84 26.0
2.84 41.3
2.84 31.8
1.69 -13.4
2.19 -21.3
2.22 -36.1
2.55 -34.8
AVE = 22.9
MAX=43.6
MIN=-16.5

T

1.000
1.000
1.000
1.000
1.000
0.948
0.948
0.948
0.948
0.671
0.870
0.747
0.859

/T

1.00
1.00
1.00
1.00
1.20
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

I[&S{

1.78
1.83
2.21
2.43
2.58
2.20
2.26
2.01
2.16
1.95
2.78
3.47
3.91
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3.4 Adjusted Thickness

It appears reasonable to assume that the pad thickness effectively increases the
thickness of the run pipe and hence should act to reduce the SIF. Markl [4] considered
this by using a larger “effective thickness” in determining SIFs for pad-reinforced
branch connections. Following this approach, the use of an “effective thickness” will be
considered.

The expressions derived for unreinforced branch connections are in terms of the
parameters: (R/T), (r/t), and (r/R). The effectiveness of the reinforcement of the run
pipe is perhaps best reflected in the (R/T) term. Thus (R/T) term will be replaced by
(R/T*) where

T*=T+Ct, (eq. 3-8)

“C” is a constant to be determined.

The value of “C” was selected based on an evaluation of the percentage difference (%
Diff) between the modified values of i and the test data. Table 3-3 shows the effects of
adjusting the thickness on the SIFs (labeled i-pad in Table 3-3). It was determined that
for C = 1/2, the average percentage difference was 0.9%. The range was from -37% to
+42%.

Thus, Equation 3-1 should be replaced by:

i, =A R/TH/)™(r/R)® 21.0 (eq. 3-9)
where
T*=T+ tr/2 (eq 3-10)

While the test data is primarily for in-plane bending of the branch, it is reasonable to
assume that the use of T* is valid for all loading conditions on the branch since the SIFs
are based on the same theoretical approach. The same assumptions should also be
applicable to the SIFs for the loads on the run pipe.

3-5
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Table 3-3
Effects of Adjusted Thickness

Test Load T |T*=T+Ctr RI/T R/T* r/t R i-pad Irest %Diff | i-pad/i-test
1 in-plane | 0.237| 0.356 8.99 @ 6.00 8.99 1.000 1.44 1.78 -19.3 0.81
2 | out-of-plane ' 0.237 0.356 8.99 @ 6.00 8.99 1.000 1.29 1.83  -29.4 0.71
3 in-plane 1 0.120/ 0.180 | 18.25 12.17 @ 18.25 1.000 2.29 2.21 3.8 1.04
4 | out-of-plane ' 0.120| 0.180 | 18.25 12.17 @ 18.25 1.000 2.34 2.43 -3.6 0.96
5 in-plane | 0.260/ 0.416 | 12.00 7.50 ' 12.00 1.000 1.62 2.58 | -37.0 0.63
E in-plane | 0.250/ 0.375 | 16.75 11.17 8.99 0.509 1.98 2.20 -9.7 0.90
F in-plane | 0.250/ 0.375 | 16.75 11.17 8.99 0.509 1.98 226 | -12.1 0.88
G in-plane | 0.250/ 0.375 | 16.75 11.17 8.99 0.509 1.98 2.01 -1.4 0.99
H in-plane | 0.250/ 0.375 | 16.75 11.17 8.99 0.509 1.98 2.16 -8.0 0.92
K1 | out-of-plane 0.322| 0.483 @ 12.89 8.60 7.60 |0.396| 2.77 1.95 42.2 1.42
K2 | out-of-plane 1 0.322| 0.483 | 12.89 8.60 @ 11.33 0.764 3.83 2.78 37.9 1.38
K3 | out-of-plane 1 0.375/ 0.563 | 16.50 11.00 11.33 0.513 4.24 3.47 22.3 1.22
K4 | out-of-plane 0.375| 0.563 | 16.50 11.00 12.89 0.671 4.92 3.91 26.1 1.26

AVE = 0.9

MAX= 42.2

MIN= -37.0
Notes:

1. This table is produced on a spreadsheet using EXCEL.
The number of significant figures is greater than indicated.
2. The value of "i-pad" is calculated from Equation 3-1 using the adjusted thickness T*.

3.5 Applicability

In addition to the limits of applicability of the expressions for the SIFs for unreinforced branch
connections, (Equations 3-5 to 3-7), there are limits for pad configurations for which the use
of the adjusted thickness are valid. Based upon the test configurations, it is suggested that these
results are applicable when:

0< t/T<1.25 (eq. 3-11)

0< Dop/do <20 (eq 3-12)

where Do is the outside diameter of the pad.
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FLEXIBILITY OF PAD-REINFORCED BRANCH
CONNECTIONS

4.1 Discussion

In piping design, the flexibility of the piping components can be as significant as the
SIFs. Reference [1] discusses the impact of including the flexibility of unreinforced
branch connections in an analysis and shows that the loads and stresses can be
significantly reduced. The impact of the flexibility of pad-reinforced branch
connections can be as significant.

The present Code does not clearly define flexibility factors for all configurations of
branch connections. For ASME Class 1, the Code does provide some direction,
however, it is not complete. Configurations with r/R > 0.5 are not covered. For Class 2
piping, the flexibility factor is defined to be 1.0 which, as discussed in [1], is misleading
at best.

Reference [1] provides guidance (equations) for the determination of flexibility factors
for branch connections. As with the SIFs, these equations should be valid for pad-
reinforced branch connections with an adjustment to consider the effects of the pad.

4.2 Unreinforced Fabricated Branch Connections

Reference [1] provides the results of a detailed study of the flexibility factors for
unreinforced fabricated branch connections. The equations are based on extensive finite
element analyses. The conclusions of the report contain the equations for the flexibility
factors for the various loading conditions and the applicability of the results. This
information is summarized below:

The flexibility modeling of the branch connection should be based on Figure 4-1 for
branch loading. Point springs are assumed to exist to represent the flexibility of the
connection. For branch loading, it is assumed there is a rigid link from the centerline of
the run pipe to its outer surface. At this point, it is assumed that a point spring exists.
The flexibility factors of the point springs are given by:

4-1
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k=B, (D/T)"(d/D)"™(d/t)" (eq. 4-1)
Part k B, n, n, n,

In-plane  Branch K, 0.488 1.279 0.391 -0.602
bending Run K, 0.995 0.675 3.78 -0.250
Out-of-  Branch K, Note 1 1.72 0.5057 -0.717
plane Run K, 0.0771 -0.159 4.096 1.305
bending
Torsion  Branch K, 2.43 0.751 2.11 -0.553

Run k 0.813 0.982 4.328 -0.349

tr

Note 1. Replace B, with 0.828 (3.0 (d/D)-3.75(d/D)*+(d/D)’)
Note 2: For d/D<0.5, values of k , k_, and k, are small and should be set to zero.

The equations for k,, k , and k, are valid only for d/D = 0.5.

ir? or!

The equations specified above are applicable to the following range of parameters [1]:

3.75<R/T <495 (eq. 3-5)
3.75 <r/t< 99 (eq. 3-6)
0.125<r/R<1.0 (eq. 3-7)

4-2
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Figure 4-1
Beam Model for Branch Loading

4.3 Comparison to Test Data

In a limited manner, the test data from the SIF tests performed for this study can be
used to evaluate the applicability of these equations (at least for in-plane loading of the
branch connection). It should be noted that these tests were not specifically designed
for evaluation of the flexibility factors. For this evaluation, it is assumed that the branch
will act as a continuous straight section of pipe. In reality, as indicated in Figure 2-1, the
section consists of a section of pipe, pipe flanges, and a “loading point” section, which
is made from a flat plate.

The model depicted in Figure 4-1 will be used as the basis for evaluating the test results
and determining the flexibility of the branch connection. In this case, the bottom of the
run pipe (point 1) is fixed and the top (point 6) is free. The in-plane load is applied on
the branch at point 5. As discussed earlier, the “stiffness”, K, was determined
experimentally from the load deflection data to be, on the average, K = 2046 Ibs/in. The
range was very small.

The rotation at point 2, with respect to the fixed end (point 1) is given by:

¢,=FL, L/(El) (eq. 4-2)
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where F is the applied force.

The deflection at point 5 due to this rotation is:

5,=¢,L =FL’L/(El) (eq. 4-3)

The rotation in the point spring is:

¢, =k,M,d/El, =k, FL,d/El (eq. 4-4)

where M, is the moment at point 4,

The deflection at point 5 due to this rotation is:

5,=q,L =k, FL"d/El (eq. 4-5)

The deflection at point 5 due to the bending of the branch is:

5, =FL,’/(3El,)

The total deflectionis 6=9 + 9, + J_, or:

d=FL°L/(El)+k, FL*d/El +FL/(3El) (eq. 4-6)

The deflection is also given by:

0=F/K (eq. 4-7)
Substituting Equation 4-7 into Equation 4-6 and solving for k, yields:
k,=[1/K-L’L/(El)-L’/(3EIL) El/(L’d) (eq. 4-8)

Using K = 2046 lbs./in. (the average of the test data), Do = 8.625 in., do = 4.5 in., Li = 46
llr,lz"= 63 in. E = 30 E6 psi, I = 57.7 in’, and I, = 7.23 in.’yields k, = 5.97. As discussed
earlier, because test configuration included flanges, etc., this is considered to be a very
rough estimate of the flexibility of the test configuration.

Reference [9] lists experimental flexibility data from several sources. Khan [10] also
provides experimental flexibility data. This information is summarized in Table 4-1

along with the average data for the tests performed for this study as described above.

When investigating SIFs it was determined that more accurate values could be obtained
by using adjusted values of T, in other words, T*=T +t /2 (Equation 3-10) in the

4-4
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equations for SIFs. Table 4-1 lists the values for k, and k , calculated using this adjusted
value for T* =T + t /2 in Equation 4-1. A comparison to the test data is also provided.

For out-of-plane bending using Equation 4-1 with the adjusted value of T yields results
that are reasonably close with an average difference of 10.2%. For in-plane bending, the
results are different. The differences on a percentage basis are much greater, however,
it should be noted that the magnitudes of the flexibilities are much smaller. The
average value of k, is 3.8 versus 16.9 for k ,. It is more difficult to experimentally
determine flexibility factors that are small than it is to determine larger values. Also,
the potential impact of this order of magnitude difference would not significantly affect
the results.

Based upon the overall results, it is deemed reasonable to use Equation 4-1 with the
adjusted value of T* =T +t /2 for k, and k ,. In addition, since the theoretical basis is
the same, it is reasonable to extend the same approach for the torsional stiffness of the
branch, k.

However, there does not appear to be sufficient data to justify adjusting flexibility of
the run pipe for the effect of the pad-reinforced branch connection. Consequently, until
more data is available, it is suggested that no additional flexibility be added to the run
pipe for pad-reinforced branch connections.

Table 4-1
Test Data for Pad-Reinforced Branch Connections

Test D, | T | d, t t | T=T+t/2 DIT* | d/D  dit | ke Kex (% Diff ki | Keg % Diff
(n)  (n) Gn) | (n)  Gn)  (n)

1. EFGH (Aw) 8.625 0.250 4.50| 0.237 0.250 0.375 | 22.33 0.509 17.99 10.65 N/A @ N/A | 3.50 5.97 -41.4
2. 24x12 24.00 | 0.312 12.75 0.250 0.375 0.500 @ 47.42 0.528 50.00 18.98 18.0 | 55 ' 5.02 5.60 -10.4
3. 24x4 24.00| 0.312 4.50 0.237 0.375 0.500 @ 47.42 0.180 17.99 14.19 20.0 | -29.1  6.10 |4.70 29.8
4, 24x 8 24.00 | 0.312 8.625 0.250 0.375 0.500 @ 47.42 0.354 33.50 19.16 28.0 | -31.6 5.46 | 3.60 51.7
5 16x6 16.00 | 0.500 6.625 0.280/ 0.500 0.750 @ 20.67 0.409 22.66 6.88 8.40 -18.1 253 1.50 68.7
6. 48x 6 49.25  0.625| 6.625 0.280 0.625 0.938 | 51.87 0.130 22.66 9.27| 10.0 -7.3  5.25 1.60 228.1
7. K1 8.625|0.322 3.500 0.216 0.322' 0.483 @ 17.19 0.396 15.20 6.49 3.9  66.4 251 NA | NA
8. K2 8.625|0.322 6.625 0.280 0.322 ' 0.483 | 17.19 0.764 22.66 5.64 4.6 @ 226 255 NA | NA
9. K3 12.75 0.375 6.625 0.280 0.375| 0.563 @ 22.00 0.513 22.66 8.82 5.8 | 52.1 299 NA NA
10. K4 12.75 0.375 8.625/ 0.322 0.375| 0.563 @ 22.00 0.671 25.79 8.40 6.4 | 31.3 3.08  N/A NA

AVERAGE =| 10.2 AVE = 54.4

MAXIMUM= 66.4 MAX = 228.1

MINIMUM = -31.6 MIN =| -41.4
Notes:

1. This table is produced on a spreadsheet using EXCEL. The number of significant figures is greater than indicated.
2. Test "EFGH (Awe)" refers to the average results from the four tests performed as a part of this study.

3. Tests 2 through 6 are from Reference 9, NUREG/CR-4785.

4. Tests 7 through 10 are from Khan (Reference 10).
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CONCLUSIONS

For reinforced branch connections, the conclusions derived from the tests and analysis
described in this report are listed below.

5.1 Stress Intensification Factors

For individual loadings, for example, torsion, in-plane and out-of-plane bending, the
stress intensification factors for the branch and run pipe ends are given by:

i = A, (R/T"(t/)"(t/R)* 2 1.0

Part SIF A, n, n, n,
In-plane  Branch i 0.515 1.05 -0.387 0.49
bending  Run i, 0.985 -0.137  0.482 0.241
Out-of- Branch i Notel 1.40 -0.558 0.406
plane Run I, 0.605 -0.237  0.528 1.42
bending
Torsion Branch i 0.850 1.00 -0.50 2.10

Run [ 0.864 -0.0473  0.543 0.609

Note 1. Replace A, with 1.28[1.28(r/R)-(r/R)]
Note2: T*=T+t/2

5.2 Combination Of Moments

For combination of stresses due to different moments, the various code committees are
considering changes at this time. Until these changes are finalized, the evaluation of
the stresses must be based on the maximum i-factor for the branch and the maximum
i-factor of the run. If Section Il is the Code of record (for Class 2 or 3 piping), Equation
3-2 should be used for evaluating the branch connections where the branch and each
end of the run pipe are evaluated.
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S = i(M? + M: + M{)"”
Z.

(eq. 3-2)

The values of the moments and section modulus are appropriate for the location. The
value of Z, for the branch is given by equation :

z=T1r't (eq. 3-3)

For the run pipe, Z. is:

Z=1RT (eq. 3-4)

For the branch, the value of i is the maximum of i
is the maximum of i ori,.

w 1y OF 1. FOr the run, the value of i

ir? Ior’

If B31.1 is the Code of record, a less conservative approach is permitted. This is
discussed in detail in reference [1].

5.3 Flexibility Factors

The flexibility modeling of the branch connection should be based on Figure 4-1 for the
branch. As indicated in the figure, it assumed that a point spring represents the
connection. The flexibility factors of the point spring are given by:

k=B, (D/T*™(d/D)™(d/t)" (eq. 4-1)

Part k B n

o 1

n

2 3

In-plane Branch k. 0.488 1.279 0.391 -0.602

ib
bending
Out-of- Branch k Note 1 1.72 0.5057 -0.717
plane
bending

ob

Torsion Branch k 2.43 0.751 2.11 -0.553

th

Note 1. Replace B, with 0.828 (3.0 (d/D)-3.75(d/D)*+(d/D)’)

Note2. T*=T+1t/2

Note 3. Itis assumed that pad-reinforced branch connection has no effect on the
flexibility of the run pipe. The values of k for the point spring for the run pipe
are set equal to zero.

5-2
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5.4  Applicability of Results

The equations specified above in 5.1 and 5.3 are applicable to the following range of
parameters:

3.75<R/T <495 (eq. 3-5)
3.75 <r/t< 99 (eq. 3-6)
0.125<r/R<1.0 (eq. 3-7)

This is discussed in detail in reference [1].

In addition, the following limitations are specified for the pad configuration:

0< t/T<1.25 (eq. 3-11)
0< Dop/do <2.0 (eq 3-12)
5.5 B Indices

This report is focused on SIFs and flexibility factors for ASME Section 11l Class 2 or 3
and ANSI B31.1 piping. Certain editions of ASME Section Il require the use of B
indices for the qualification of Class 2 or 3 piping. The scope of this report did not
address the B indices.

If B indices are required in the qualification process, it is suggested that the existing
plant-specific Code of record be followed.

5.6 Comparison to Present Code

As discussed in reference [1], the equations developed for SIFs for unreinforced
fabricated tees are more conservative than the present Code for certain geometry
parameters. This is intended to cover certain unconservatism in the Code, which has
been documented in various previous studies. This unconservatism has been addressed
by the equations developed in reference [1] and used as the basis for the equations
herein.

The use of the expressions defined in this report will result in a more realistic
evaluation of pad-reinforced branch connections.

5-3
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Calibration Record

MT3 Systemi Corpurttion’
{4000 Tachnology Dive
_Edun Prairle, MN Maqn-zém .

£

Calibration Report

Gustornaf < :Name  Ohio S1aie Unhvarsty Sytlam No. _370.54 Frgo _1 ol 2.
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Devies Model No, 8438 . Sarlal No.”: , 115 k0 : .
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Roadoul Device Model No:  nia

7

MTS Procedute No. 1234
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g
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: 1 Whhin ToMiant e ¥_YES_no (Ir ragquired) Run Ne, 2
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iRange 3 Full Scaje 20 Parcent Run Ho. 1 < As Found Run Ho. 1 - As Adjusted
' Wihin Teleranoe: A_yed_np {If reguired) Run'No. 2
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Class A Loadlng Rangy 1106.06 Poiggnl ) Reading % of Rerdlng Resdlng % of Reading Rending | % of Roacling
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Calibration Record

—— MTY Bystems Corporation H H
i T ot pore Calibration Report
- IR— E£dan Pralde, MN 55344-2200
Custoras * Name Ok Stale Univarelty Bystart No. _ 070.54 Pags 2tA260f 2. .
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Equipment Dovigs Typs! 4 - Displagamani _Force _. Preasurs  _ Extensornelyr; Gage Langth vk o Other nia
Davice Model No. ! 309,30 Haral No. 148 .
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fRange 3 Full Scaka 20 Percant Hun Mo, 1 - As Pound Run No, 4 - As Adjusted
S Withln Yolerancs; 5 V08 _no [if required) Aun Mo, 2
Assal Nu. (Stendard) 12009 { Peicent | Cuklom |  ludicaled Error Indloaled Emor Indioaled Ritor
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aK on fn on W RIEZT] 0.000 V T
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0 .
ﬁm ]g/urw/ Neat Recumpinlad Callbratlan Dus Date: er2h/ue
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TEST DATA AND RESULTS

Overview of Appendix C

The description of the testing is contained in Section 2. Sections 2.2.4 and 2.2.5 contain a
summary of the results. This Appendix contains more detail regarding the test data. For
each of the four tests (E, F, G, H), the following is provided:

1. Standard sheets containing load-displacement data

Data sheets are provided for the two loading directions: “Positive Loading” and
“Negative Loading”, (for example, up and down). Both the “Loading” and
“Unloading” conditions for each of the directions are included for a total of four
data sheets. The sheets are used to determine the linear slopes of the load-deflection
curves for the four loading conditions.

The data includes loads, deflections, and so on. The columns identified as
“modified” are for the case where adjustments are required to the data, such as
resetting a dial gauge, and so on. No modifications were required for these tests.

2. Summary Load Deflection Sheet

This sheet contains a plot of the load defection curve and the four straight lines
determined from the load-displacement data (item 1 above). This plot indicates the
reasonableness of the slope of the load deflection curves.

3. Fatigue Test Data Analysis

This sheet contains the displacements and number of cycles at each displacement (if
more than one displacement is used.) The calculations of the SIF are included. The
stiffness used in the calculation is the average value of the four loading conditions
(initem 1). Equivalent cycles are also calculated.
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TEsT# REINFORCED BRANCH-E

COMPONENT: REINFORCED BRANCH CONNECTION

STIFFNESS (lbs/in) = 1963

MOMENT ARM (in)=46.125

D (in) = 4.5 t (in) =/0.237 Z(IN®) =mr,’t=/3.383

TEST DISPLACEMENT/CYCLE DATA:

CONDITION | DISPLACEMENT |EFFECTIVE |  NOMINAL NUMBER
# AMPLITUDE | APPLIED STRESS OF TEST
(+1-) (in.) LOAD (lbs) (+1-) (psi) CYCLES
& S N;
1 1.00 1963 26,773 1,260
2 0.00 0 0 0
3 0.00 0 0 0
4 0.00 0 0 0
5 0.00 0 0 0
6 0.00 0 0 0
7 0.00 0 0 0
8 0.00 0 0 0
TOTAL CYCLES: 1,260
THE EQUIVALENT NUMBER OF CYCLES, BASED ON A DISPLACEME ~ §,,= 1

INCHES
IS: Neg = SUM(B/Bma)” * N, = 1,260

i = 245,000 * No,(*?/S = 2.195

FOR NOMINAL DIMENSIONS: Z(IN*) = |3.215 i =2.309

COMMENTS:

1. HT # 0947853 (Branch), #D947853B (Run)
2. L is distance to weld on branch. Distance to center of weld on branch is 46-1/8 in.
Distance to center of weld on large pipe was 46-7/8 in.
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FATIGUE TEST DATA ANALYSIS

TEsT# REINFORCED BRANCH-F

COMPONENT: REINFORCED BRANCH CONNECTION

STIFFNESS (lbs/in) = 2018 MOMENT ARM (in)= 46.25
D (in) = 4.5 t (in) = 0.237 Z(IN3) == 3.383

TEST DISPLACEMENT/CYCLE DATA:

CONDITION | DISPLACEMENT | EFFECTIVE NOMINAL NUMBER
# AMPLITUDE APPLIED STRESS OF TEST
(+/-) (in.) LOAD (Ibs) (+/-) (psi) CYCLES
3 S Ni
1 0.80 1614 22,067 2,216
2 0.87 1755 23,997 444
3 0.00 0 0 0
4 0.00 0 0 0
5 0.00 0 0 0
6 0.00 0 0 0
7 0.00 0 0 0
8 0.00 0 0 0
TOTAL CYCLES: 2,660
THE EQUIVALENT NUMBER OF CYCLES, BASED ON A DISPLACEMENT Omax = 0.87

INCHES
IS: Neg = SUM(5/8ma)® * N = 1,901

i = 245,000 * No,“®?/S = 2.255
FOR NOMINAL DIMENSIONS: Z(IN°) = 3.215 i =2.373

COMMENTS:

1. HT # 0947853 (Branch), #D947853B (Run)
2. At 0 deflection the load is 110 pounds.
3. Cracks were visible at the toe of the weld on the branch at the bottom.
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FATIGUE TEST DATA ANALYSIS

TEsT# REINFORCED BRANCH-G

COMPONENT: |REINFORCED BRANCH CONNECTION

STIFENESS (Ibs/in) = 2109 MOMENT ARM (in)=46.125

D (in) = 4.5 t (in) = 0.237 Z(IN3) =rrr,’t= 3.383

TEST DISPLACEMENT/CYCLE DATA:

CONDITION | DISPLACEMENT | EFFECTIVE NOMINAL NUMBER
# AMPLITUDE APPLIED STRESS OF TEST
(+/-) (in.) LOAD (lIbs) (+/-) (psi) CYCLES
5 S Ni
1 1.00 2109 28,752 1,366
2 0.00 0 0 0
3 0.00 0 0 0
4 0.00 0 0 0
5 0.00 0 0 0
6 0.00 0 0 0
7 0.00 0 0 0
8 0.00 0 0 0
TOTAL CYCLES: 1,366
THE EQUIVALENT NUMBER OF CYCLES, BASED ON A DISPLACEMENT Omax = 1

INCHES
IS: Neg = SUM(5/8ma)’ * N; = 1,366

i = 245,000 * Ny, /S = 2.011
FOR NOMINAL DIMENSIONS: Z(IN®) = 3.215 i=2.116

COMMENTS:

1. HT # 0947853 (Branch), #D547853B (Run)

2. L is distance to weld on branch. Distance to center of weld on branch is 46-1/8 in. Distance
to center of weld on large pipe was 47-5/8 in.

3. Failure occured at the top and bottom at the same time at the toe of the weld on the branch
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FATIGUE TEST DATA ANALYSIS

TEsT# REINFORCED BRANCH-H

COMPONENT: |REINFORCED BRANCH CONNECTION

STIFFNESS (lbs/in) = 2092 MOMENT ARM (in)= 45.5

D (in) = 4.5 t (in) = 0.237 Z(IN3) =mrr,’t= 3.383

TEST DISPLACEMENT/CYCLE DATA:

CONDITION | DISPLACEMENT | EFFECTIVE NOMINAL NUMBER
# AMPLITUDE APPLIED STRESS OF TEST
(+/-) (in.) LOAD (lIbs) (+/-) (psi) CYCLES
3 S Ni
1 1.00 2092 28,133 1,075
2 0.00 0 0 0
3 0.00 0 0 0
4 0.00 0 0 0
5 0.00 0 0 0
6 0.00 0 0 0
7 0.00 0 0 0
8 0.00 0 0 0
TOTAL CYCLES: 1,075
THE EQUIVALENT NUMBER OF CYCLES, BASED ON A DISPLACEMENT Omax = 1

INCHES
IS: N = SUM(8/8ma) * N = 1,075

i = 245,000 * Ng,“®?/S = 2.156

FOR NOMINAL DIMENSIONS: Z(IN®) = 3.215 i =2.269

COMMENTS:

1. HT # 0947853 (Branch), #D547853B (Run)
2. L is distance to weld on branch. Distance to center of weld on branch is 46 in. Distance to
center of weld on large pipe was 46-5/8 in.
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