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WALL THINNING ACCEPTANCE CRITERIA FOR DEGRADED
CARBON STEEL PIPING SYSTEMS USING FAD METHODOLOGY

P.S. Lam and N. K. Gupta
Westinghouse Savannah River Co.
Savannah River Technology Center

Aiken, South Carolina 29802

ABSTRACT

As part of the structural integrity assessment for Savannah River Site (SRS) piping
systems, an acceptance criteria methodology for minimum pipe wall thickness has been
developed for carbon steel piping. If a measured pipe thickness during inspection cannot
meet the 87.5% of the nominal wall thickness specified in the ASME Code Case N-480,
the acceptance criteria must be invoked.

For a particular pipe, the larger of the two minimum thickness values obtained from
the code stress check and the CEGB-R6 Failure Assessment Diagram (FAD) methodology
is the minimum wall thickness for the acceptance criteria. The code stress check is based
on the ASME/ANSI B31.1 Code, ASME Code Case N-480, and the SRS reactor restart
criteria. The pipe wall thickness is calculated from the code equations and the applied
loads. In fracture analysis, three types of axial and circumferential flaws are assumed to
exist in the pipes based on the weld defects found in service history. For each flaw
configuration, the stress intensity factors and the limit load solutions are calculated. These
quantities are input to FAD to solve for the corresponding wall thickness required for the
pipe to sustain the postulated flaws and to meet ASME safety margins under the applied
loads. '

INTRODUCTION

The structural integrity and safety margins are maintained for the piping systems by
providing acceptance criteria for wall thinning. The technical bases for calculating
minimum thickness requirements have been developed at Savannah River Technology
Center (SRTC) [1,2,3,4] and are summarized here with some modifications. The
minimum requirements for the wall thickness will satisfy the code stress criteria and
fracture criteria. The American Society of Mechanical Engineers (ASME) code-based
factors of safety on loading defined in Reference 5 for acceptance-by-analysis are used for
thinned pipes containing postulated design flaws.

Carbon steel pipes (A53 Grade A, AS3 Grade B, and A285 Grade B) in an emergency
pump room are used for demonstrating the calculations. The pipe sizes include 4, 6, 12,
14, 18, 24, 30, and 36-inch nominal diameters. The results of piping stress analyses
carried out earlier were used for input to wall thinning calculations. Minimum wall
thickness requirements were calculated based on: 1) SEP-7 [6] or SEP-24 [7]; 2) B31.1
[8] or ASME Code Case N-480 [9]; and 3) CEGB-R6 Failure Assessment Diagram (FAD)
[10]. The most conservative thickness is used for the wall thinning acceptance criteria.

The ASME code stress intensification factors were applied at pipe bends and branch
connections. The pipe wall is assumed to contain a pre-existing flaw, or “design flaw."
Both the linear elastic fracture mechanics solution for stress intensity factors and the limit
load solution were obtained to form a data point on the FAD. If this point is inside of the
material curve, then the configuration (wall thickness, flaw size, and orientation) is
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acceptable (Figure 1). An iterative numerical procedure was developed [1,2,3] to solve for
the wall thickness corresponding to the design flaws and the applied load so that this data
point is exactly on the FAD material curve.

The larger of the two minimum thickness values obtained from the code stress check
and the FAD methodology for a particular pipe is the minimum wall thickness for the
acceptance criteria. The acceptable flaw sizes for the piping under loads were calculated to
ensure that none of the postulated (or design) flaw sizes exceed the ASME code-based
acceptable flaw sizes. The current acceptance criteria will provide first
screening/disposition of the pipe thickness inspection results when the pipe wall loss is
found to be greater than 12.5% of its nominal (design) thickness [9]. Any measured
thickness exceeding the acceptance criteria will require repair/replacement of the pipe
segment, or a customized analysis (and/or localized thinning analysis) cons1denng detailed
stress distribution of the pipe should be carried out.

MATERIALS OF CONSTRUCTION

Tensile Propetrties

The piping material properties used in this analysis are listed in Table 1:

TABLE 1 Piping Material Properties

~ Yeld Ulimae Allowable
Material  Stress?  Stresst  Stress’t

(ksi) (ksi) (ksi)
A53Gr. A 30 48 12
A53Gr. B 35 60 15
A285Gr. B 27 50 12.5
Young's Modulus = 29,500 ksi

(1)  Values of yield stress and ultimate stress were obtained from Reference 1.

(+1) Allowable stress values (denoted by Sh in Equations 1 to 2 and by SE in Equation 5)
are the product of the design stress at 200°F from the ASME B31.1 Code [8] and
the weld joint efficiency.

In the current analysis, wall thicknesses are based on the values used in the piping
stress analyses which are in turn based on actual walkdown of the piping. The material of
construction and the nominal wall thickness for each line can be found in Table 2.

Fr re T hn

The static and dynamic fracture toughness tests were performed with compact tension
specimens prepared from SRS L-Reactor archival carbon steel piping at the minimum
operating temperature of 40°F [11]. The A285 material had the highest average value of
static fracture toughness (Kic) of 205 ksi¥in (based on four specimens). This value is
about 50 ksivin higher than that for the static toughness of the welds and the American
Society for Testing and Materials (ASTM) AS53 material. The lowest static fracture
toughness of 138 ksivin occurred in ASTM AS3, P4 plate material. In the present
develgi)lsment, a fracture toughness value of 80 ksivin is adopted for both A285 and AS3
materials.

‘\‘_1
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WALL THINNING ANALYSIS

Overview

The minimum wall thicknesses are estimated from two major approaches. In the first
approach, the wall thickness is obtained from the equations defining acceptable code stress
[6,7,8] with a given set of applied loads based on existing results of piping stress analysis.
The code-based stress intensification factors due to pipe bends and branch connections are
also applied.

The second approach utilizes the FAD involving the applied loads, postulated flaw
configurations [1], linear elastic fracture mechanics solutions, plastic limit load solutions or
ligament yielding criterion, and a material failure curve. In the present analysis, the
material failure curve was obtained based on the measured tensile properties of A285
carbon steel [1,11]. By continuously removing pipe wall material to simulate thinning of
the pipe, the applied load curve will approach the material curve. The required minimum
wall thickness is determined at the intersection point of these two curves (Figure 1). At this
wall thickness, the pipe is still capable of sustaining the postulated flaws for the given
applied loads. Of course, the postulated flaws are also subjected to shape changes due to
the postulated pipe wall loss. As an example, a circumferential semi-elliptic or thumbnail
flaw may become shallower in depth and shorter in length if the wall loss has occurred on
the cracked surface of the pipe.

. Acceptable minimum wall thickness shall be greater than 30% of the nominal thickness
(t,), as required in ASME Code Case N-480 [9]. Therefore, any code stress based
thickness (calculated with the above equations) less than 0.3t,, will be reset to 0.3¢, .

Code Stress Check

Allowable Thickness Based on Mechanical Loading. Wall thinning due to
erosion, corrosion, or crack-like flaws affect the maximum stress in the piping. However,
the governing equations in the code are based on simple pipe geometry and do not take into
account local wall thinning. A conservative methodology assuming uniform thinning all
around the pipe section is used here in the analysis. Wall thinning affects the code
equations through three parameters: 1) the section modulus is reduced, 2) the stress
intensification factor (SIF) is increased, and 3) the ratio Dy/t is increased. The effect of the

ratio Do/t is not addressed in the B31.1 Code [8], and therefore, the guidance is taken from.

SEP-24 [7] to modify the code equations [1]. The governing equations are as follows:

(1) Normal Operating Conditions (based on Reference 6)
PD, ., 0.751

Do 0.751
For . <50 It g (MQSSh
For 22> 50 £+ 0.751Ms) ¢,

(1.3-0.006]%)2

(2) Occasional Loading Conditions (based on Reference 7)
PD,  0.751

"D
For 20550  PRo 0T MadMy) 56

(1.3-0.006DTQ)Z

(D
()

&)
@
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Where

P is the internal design pressure, psig.

D, is the outside diameter, in.

D; is the inside diameter, in.

t is the wall thickness at a thinned cross section, in.
i is the SIF and is a function of t, 0.751 = 1.0.

4.4
Z  is the section modulus of the thinned pipe, Z = -’E-(—l%%l-:‘—), in3,
M, is the resultant bending moment due to sustained loading, in-1b.
My is the resultant bending moment due to occasional loading, in-1b.
Sh  is the material allowable stress in Table 1.

Sy isthe yield stress in Table 1.

- Allowable Thickness Based on Thermal L oading. This piping system was operated

at close to atmospheric temperatures and, therefore, the thermal stresses are negligible.

Allowable Thickness Based on Internal Pressure. Pressure design of the piping
requires that minimum wall thickness be calculated using the following code equation [8]:

= PDo
tm =3(SE + Py) )

Where SE is the material allowable stress from the ASME B31.1 Code [8] and it includes
the piping weld joint efficiency. The SE values are given in Table 1. The material
allowable stresses used in the wall thinning analysis are based on the materials identified
(Table 2) in previous piping stress analyses; and y is the coefficient given in Table
104.1.2(A) of the B31.1 Code. The value of this coefficient is 0.4 for the piping system

Fracture Analysis

The fracture analysis provides the basis for FAD methodology in developing wall
thinning criteria. In the service history of SRS, no service-induced flaws have ever been
reported in this piping system. However, flaws must be assumed to exist for this life
extension analysis. The minimum wall thickness required to sustain the design flaws in an
already thinned pipe wall is estimated by FAD methodology according to the normal and
off-normal operating conditions. Three types of design flaws were adopted: 1) a part-
throughwall circumferential flaw 5-inch long and 60% deep; 2) a throughwall axial flaw
with length twice of original pipe wall thickness; and 3) a long, 25% part-throughwall axial
flaw. '

Most materials behave with elastic-plastic response. In general, the solutions for
elastic-plastic fracture parameters (such as J-integral) may not be available. The FAD is
used to bridge the regimes of linear elastic solution and plastic or limit load solution. Its
concept is also used by ASME code [5] for a screening criterion to determine the
appropriate deformation mode. In the FAD-based wall thickness calculations, both linear
elastic solution for stress intensity factors and plastic solution for limit loads are evaluated.

To provide general wall thinning acceptance criteria, only the maximum operating
pressure (70 psi), Ma (bending moment resultant at normal operation), and Mp (bending
moment resultant at off-normal operation) are used. The axial forces due to pipe supports
are negligible compared to the forces due to internal pressure and the bending moments.

ASME code-based factors of safety for evaluating ferritic piping flaws are used with
the applied loads in the fracture analysis [1,5]. The factors of safety of 2.77 and 1.39 are
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applied in the cases of circumferential flaws under normal and off-normal
(emergency/faulted) operating conditions, respectively. For axial flaws, values of 3 and
1.5 are applied, respectively, under the normal and off-normal operating conditions. These
values are universally defined in ASME Section XI, Appendix H [5] for analysis methods
with linear elastic fracture mechanics, elastic-plastic fracture mechanics, or limit load.

il i Based on the actual measured
tensile properties, the material failure curve in FAD can be constructed by

3 g, 12
K < _E_.&Lf.;.l-_‘l’__l) for L.<LP and
‘ {lq Sy 2 ot L=l

K.,=0 for L,>LPa

where L; and K; are respectively the abscissa and ordinate of the CEGB-R6 FAD (Figure
1) [10], E is the Young's modulus of the material, Oy is the 0.2% yield stress, and
L = og/oy is the limit load cut-off (o is the flow stress defined by the average of yield
stress and ultimate stress). The quantity €. is a reference strain corresponding to a
reference stress level of Oyt = L;Oy in the true stress-true strain curve of the material. It has
been determined in Reference 1 that A285 curve is more limiting; therefore, it is used as the
material failure curve for both A285 and AS53 carbon steels throughout the FAD analysis.
Tabulated data of L, and K, for constructing A285 and A53 failure assessment diagrams
can be found in Reference 1.
The generic definitions for K; and L; due to applied loads are [10]:

Ki and1,= Applied load that contributes to the plastic collapse

K=K Plastic yield load of the flawed structure .~

where K] is the stress intensity factor due to the applied load including the residual stress
contribution and K¢ is a fracture toughness value relevant to the analysis (in the present
- case, Knat = Kic). The specific expressions for K, and L, are reported in the latter part of
the paper for each crack configuration.

A pair of L, and K; can be calculated as a function of applied load, wall thickness,
and a flaw configuration. As shown in Figure 1, if a point on FAD corresponding to a pair
of (L, K,) is inside the region bounded by the material failure curve, L, =0 (vertical axis),
and K;=0 (horizontal axis), then the flaw is stable or acceptable for the given conditions. If
this point falls outside the acceptable region, flaw growth is expected and pipe operating
under such conditions is unsafe. In the present calculations for FAD-based wall thinning
acceptance criteria, the applied load and the flaw configuration are fixed. By continuously
reducing the wall thickness, the FAD applied load curve eventually intersects the material
failure curve (Figure 1). At this moment the wall thickness corresponding to the
intersection point defines the minimum pipe wall thickness based on FAD.

Flaw Postulates. Among the majority (99%) of defect sizes found in SRS weld
qualifying programs, a 5-inch long, 60% throughwall defect was identified for a
circumferential flaw postulate [1] which would lead to a conservative fracture assessment.
For axial flaws, the weld defect data are not applicable. Reference 1 proposed two flaw
postulates in the pipe axial direction based on ASME Section XI [13]. These axial flaws
are 1) a long 25% part-throughwall and 2) a throughwall flaw with length twice of its
design thickness. The postulated defects were treated as ideal cracks in the fracture
mechanics assessment.
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These three types of flaws are separately evaluated with the FAD methodology to
determine the minimum requirements for the wall thickness. The most conservative
estimate among these three resulting thicknesses is the minimum thickness (based on FAD)
for that segment of pipe.

- i f i .
(1) Stress Intensity Factor - Solution for K;

An elliptic crack is assumed to exist in the inside surface of the pipe with thickness t,
inside radius R; , and outside radius R,. The mean radius is denoted by R. The crack

length along the inside surface of the pipe is 2C (at an angle 26) and the deepest penetration
is the depth a (Figure 2). The stress intensity factor (Ky) under axial tension is [14]

Ki=cFVnt
where
O = Op, + Op, is the maximum tensile stress,

Om is the membrane (longitudinal) stress in the pipe,

Op = —hzi = Nﬁ is the maximum bending stress in the outer surface of the
' T (R4 - RH/(4R,)

pipe,

M =M, is the bending moment at normal operating condition,

M = M, + My is the bending moment at off-normal operating condition, Z is the elastic
section modulus, and F is a geometric function.

Defining p =——3% | the values of function F are
(0.25+a/c)0-38

F = 37028 - 13.475B" + 20.0B" + 0.0086B(R/t-5) for B<0.25 and 5<R/t<20,

F = 3.831P - 13.4758% + 20.0> + 0.002B(R/A-20)%7 for B<0.25 and 20<RA<160,

F = 0.25 + 0.4868B + 0.3835p° + 0.0086B(R/t-5) for P=0.25 and S<R/t<20, and
2 0.7

F = 0.25 + 0.6158p + 0.3835B" + 0.002B(R/t-20)%7 for B=0.25 and 20<R/t<160.

The conditions of applicability are

0.05<a/t<0.8, 2c/a>3, 6<m, and 5<R/t<160.
As the pipe wall thins, the flaw geometry may also change. Figure 3 shows a semi-
elliptic flaw on a flat plate. When the amount of wall loss on the cracked side is h, the

post-wall loss flaw length becomes 2¢ cos(sin‘ 1%) . Fora part-throughwall elliptic crack in
the circumferential direction of a cylindrical shell or a pipe, the post-wall loss length is
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approximated by that flat plate formula. The post-wall loss depth of the flaw at the deepest
penetration is, of course, a-h.

The stress intensity factor due to applied loads is calculated above. Together with the
stress intensity factor due to residual stress, the parameter K, on FAD can be obtained.

(2) Uncracked Ligament Yielding - Solution for L,

Carbon steels do not exhibit high ductility at temperatures near the transition from
ductile to cleavage fracture. Therefore, the limit load solutions based on entire cross
section yielding, normally used with the austenitic steel piping, are not appropriate for
carbon steels. An elastic solution is obtained for the uncracked ligament such that the
maximum Mises stress (0) at the outer fiber of the pipe is not to exceed the yield stress (oy)
in tension [1], that is

o=Vot+ct-oron+32 <oy,

&+M'Fay
Ac z

Oy, is the hoop stress (0, = Et&) due to internal pressure P, and
T is the torsional stress which in the present analysis is not considered and is set to zero.

where o is the longitudinal stress, o, =

In the above expressions, F, is the total force acting along the pipe longitudinal axis.

This force may include the longitudinal force (PnRiz)-due to the internal pressure and
contributions from other sources (not considered in this analysis). Note that the second
term in the equation for oy, represents the bending stress. The total moment is increased
from the magnitude of applied moment (M) to (M - F, ¥) due to a shift of neutral axis (¥ is
the location of the neutral axis in the Y-direction and is negative in the coordinate system
shown in Figure 4) when a crack is present.

For simplicity, the crack is assumed to have the configuration of Figure 4 with straight

edges instead of an elliptic contour. The crack angle is 20 and the crack depth (d) is
uniform through the current pipe wall thickness t. It can be shown that the cracked
sectional area (A.), the location of the neutral axis in the Y (vertical) direction (y), and the
elastic section modulus (Z,) are:

_ _ed , 9d(-d)
Ac= ZnR{l s + SRt

?

y=- %S?—Q{Rf +Rd+ %dz) (pure bending and linear elastic stress state are assumed),

[The negative value indicates that the neutral axis is below the center (centroid) of the
uncracked cross section.]

I I
Ze top =‘R—0N:3‘y- and Z; o = 'ﬁ? s

where Zc 1op and Zc por are the elastic section moduli for calculating bending stresses at
the top (crack side) and the bottom (compression side), respectively,

Ina = I, - Y2A. is the moment of inertia about the neutral axis,




8 of 24

I, = %—{[R{‘, - R; +d)%] (20 + sin26) +[R4 - R¥] (2r - 20 -sin26)} is the moment of
inertia about the horizontal (X) axis of the pipe cross section,

Note that R,, R; and R correspond to the current pipe size (post-thinning configuration).
The FAD parameter L, is then defined for this case as

. Y
Oy

’

where Opax is the maximum Mises stress in the cracked cross section, either located on the

top or on the bottom of the cross section; FS is the factor of safety; and oy is a reduced
yield stress which is approximated by:

Oy = Oy %‘;—% and Oy shall not exceed Gy, the yield stress of the material [1].

The factor &is the ratio of ultimate buckling moment (M,) to the fully plastic moment

P
(Mp) and is given in References 1 and 15:

M_ 1 wheno=E_t>14 (Fully plastic collapse),

My _ 0775 + 0.0160 when o < 14 (Inelastic Buckling), or

Mp
2(0.165)Et
My elasti D, '
Reasic = o R 0.33Bt \when the elastic buckling occurs (o << 14),
M, Oy 4 D,os
where

Ze = wR?t is the elastic section modulus for an uncracked pipe,

Zy = 4R2t is the fully plastic section modulus, and D, is the outside diameter of the
pipe.

Residual Stress Intensity Factors. When the welding process is completed and the
weld returns to the ambient temperature from its molten state, residual stresses are

developed perpendicular and parallel to the weld due to contraction. More deformation
occurs along the weld direction because of longer length for cooling. A circumferential
weld contracts to reduce the diameter leading to the development of bending type residual
stress across the thickness. This residual stress distribution is perpendicular to the weld
and tends to open a circumferential flaw or defect if it exists. On the other hand, the axial
contraction of an axial weld will be limited by the axial stiffness of the pipe. A tensile
residual stress is developed along the axial weld when it contracts. This residual stress is
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parallel to the weld or axial weld defects/flaws, if any. Therefore, in this analysis the
residual stress is considered only in the calculations of stress intensity factor for a
circumferential flaw [1]. Residual stress will not be addressed for limit load-type analysis,
because the residual stress are relieved after extensive yielding and crack growth have
occurred.

Two types of residual stress distributions are used throughout the development of wall
- thinning criteria for the secondary and service reactor piping systems. When the pipe
diameters are 12 inches and above, a tension-compression-tension type stress pattern is
assumed (Figure 5). For smaller pipes, a bending type stress distribution is employed
(Figure 6).

(1) Stress Intensity Factor for Tension-Compression-Tension
Residual Stress Distribution
For residual stress distribution in Figure 5, the stress intensity factor for a
circumferential crack reaches a saturated value even after a small amount of crack growth.
Recently, a finite element study indicated that the saturated value of stress intensity factor
can be approximated by [16]

Ky = 0.43 o, Vxit.

where o, is the maximum amplitude of the residual stress, usually set to the value of the
yield stress (Oy ). The design thickness of the pipe is used to estimate the stress intensity
factor due to residual stress.

- After the stress intensity factors for the applied load and for the residual stress (Ky;) are
obtained, the parameter K; for FAD analysis can be calculated:

_KicXFS + Ky

K
T Kic

, where FS is the factor of safety.

(2) Stress Intensity Factor for Residual Stress of Bending Type

For pipes with diameters less than 12 inches, a residual stress distribution shown in
Figure 6 is assumed. The stress intensity factor solutions (K4 and Kg, respectively, at the
deepest penetration and near the free surface) for a semi-elliptic surface crack bending
specimen (Figure 7) [17] are used for approximation:

KA=0'1-—M-H2%
¢

KB=0}MS H; Ynb
¢

where

O is the maximum bending stress set to the maximum amplitude of residual stress,

(X=b/a, B=b/t,

M= (1.13- 0.09 o) +(- 0.54 + JL%) %+ [0.5 - m +14(1 - a)24] gt
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o> =1+ 1.464 o165 ,

s={1.1+035 v,

Hy =1- (122 +0.120)p +(0.55 - 1.05 o875 + 0.47 a!5) B% , and
Hy=1-(0.34+0.110) B .

To ensure accurate solutions, the conditions, b<a and P =b/t £0.8, should be met.
The original thickness of the pipe is used to evaluate the stress intensity factors due to the
residual stress. The parameter K; for FAD can then be calculated with X4 or Kp,
whichever is larger.

-Throughwall Axial Cracks.
1) Stress Intensity Factor - Solution for K;

The axial flaws in SRS piping are dominated by the hoop stress due to internal
pressure (P). For a long axial flaw with depth, @, through the wall thickness, t, (Figure 8),
the stress intensity factor (Ky) is given as [18]

2
Ki= 2PR5 Fvna ,
R3-R?

where

F = 1.1 + A[4.951(a/t)? + 1.092(a/t)?] ,

A =[0.125(Ry/t) - 0.25]°2% for 5 <Ryt < 10, or
A=[0.2(Ry/t) - 1’ for I0SRyt<20.

The range of applicability of the solutionis 0.05 < a/t <0.8 and 10 <Ryt<20.

When the above range of applicability is exceeded, a flat plate solution for a single edge
notch specimen is used [19]:

k!
where

a - einia
0.752 +2.028 + 0.37(1 sin 2t)3 |

F(%) ~ T-étanlrz-% costd

2t
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The residual stress contribution is not considered in the case of axial flaws. The stress
intensity factor calculated above, along with the material fracture toughness (Kjc), are used
to evaluate the parameter K, in the FAD analysis.

(2) Limit Load Solution - Solution for L,
For the same crack configuration (Figure 8), the limit pressure is [18]

=2 g, t-a_

Therefore, the parameter L, in the FAD analysis is (Section 3.3.1) expressed as

(o'h appl) FS P
=1 =2 FS ’
L Oh,limit PL

where P is the applied internal pressure.

Throughwall Axial Cracks.
(1) Stress Intensity Factor - Solution for K,
The stress intensity factor for a throughwall axial flaw (Figure 9) due to the applied

hoop stress (Oh,app1 = P/Rt) is [19]:
Ki= Oh,appl Yma - F(QA) ,

where 2a is the crack length, A =a/VRt ,

FO\)=V1+1.25\% for 0<A<1, or

FA)=0.6+09A for 1<A<5.

The residual stress contribution is not considered in the case of axial flaws. The stress
intensity factor calculated above, along with the material fracture toughness (Kic), are used
to evaluate the parameter K, in the FAD analysis.

(2) Limit Load Solution - Solution for L,
Based on the pipe burst experimental data, the maximum hoop stress (Op 1imit) Was
suggested to have the form [20,21]

Oy

Oh,limit = >
4/1+1. 14
6 Rt

The parameter L, is calculated according to

1, = (Onapp) FS _ PRt pg
Oh,limit Oh,limit
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MINIMUM THICKNESS

For a particular pipe segment, the minimum wall thickness is the largest value of the
wall thicknesses obtained by code stress check and FAD. Table 2 provides the basis for
acceptance criteria for this carbon steel piping.

TABLE 2 Minimum Wall Thickness (tm;n) For the Carbon Steel Piping

Line ID ]| Assumed | Materialof | Nominal | Thickness
Location | Construction | Thickness Egguinement

36"-A |Straight |A285Gr.B [0.375" 0.146"

_Branch o 10.129"
30"-A |Straight |A285Gr.B [0.375" 0.128"
Branch 0.161"
Branch _ 0.320"
A" A Straight |AS53 Gr.B 0.25" 0.113"
Elbow 0.168"

or or
Branch | AS3Gr.A 0.375" 0.191"
24"-B | Straight |AS53 Gr.A 0.375" 0.113"

Elbow ___10.178"
24"-C | Straight |A53 Gr.A 0.375" 0.113"
Elbow L 0.113"
24"-D | Straight {AS3Gr.A 0.375" 0.113"
Elbow 0.113"
Branch _ 0.113"
24"-E | Straight |AS53 Gr.A 0.375" 0.113"
Elbow 0.120"

Straight |A53 Gr.Bor |0.25" or |0.113"

24"F |Ebow | A53Gr.A_ |0375" _ [0.161"
18"-A | Straight |AS53 Gr.B 0.25" 0.075"
Branch » 0.149"
16"-A | Straight |[AS3Gr.A 0.375" 0.113"
Elbow —joai3n
16"-A | Straight [ AS3Gr.A 0.375" 0.113"
Elbow 0.113"
14"-A | Swraight [ AS3Gr.A 0.375" 0.113"
Elbow ~ loa1se
T2"-A |Straight |A53 GrB 025" [0.075"
Elbow 0.075"
Branch , 0.075"
12"-B | Straight | A53 Gr.B 0.25" 0.075"
Elbow —__ |o.089"
6"-A | Straight |AS53 Gr.B 0.28" 0.247"
Elbow 0.170"
4"-A | Straight |AS53 Gr.B 0.237" 0.168"
Elbow 0.071"

NOTE: The allowable wall thicknesses are to the end of pipe service life.
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ACCEPTABLE FLAW SIZES

Based on a similar approach as used in calculating the minimum thicknesses reported
earlier, the acceptable flaw sizes for this carbon steel piping can also be found. The pipe
original thicknesses along with the ASME code-based factors of safety are used. Three
types of flaws are considered:

1) Circumferential part-throughwall flaws with elliptic shape as shown in Figure 2

The flaw length along the pipe inside diameter is not limited to 5 inches as in the case of
design flaw for wall thinning calculations. The flaw depth corresponding to each
assumed flaw length is the variable to be determined with the FAD methodology
described earlier. [Note that the variable is the pipe thickness in wall thinning
calculation.]

2) Axial part-throughwall flaw with long crack length as shown in Figure 8

The flaw depth is not limited to 25% part-throughwall as in the case of design flaw for
wall thinning calculations. The flaw depth corresponding to each assumed flaw length is
the variable to be determined with the FAD methodology .

3) Axial throughwall flaw as shown in Figure 9

The flaw length along the pipe longitudinal direction is not limited to twice of its design
thickness as in the case of design flaw or wall thinning calculations. The flaw length is
the variable to be determined with the FAD methodology.

It has been shown that none of the design flaw sizes used to calculate the minimum
wall thickness exceed the acceptable flaw sizes . This confirms the adequacy of the wall
thinning acceptance criteria development.

ACCEPTANCE CRITERIA METHODOLOGY

. An acceptance criteria methodology is a framework for periodically monitoring the
conditions of piping through in-service examinations. It also includes the disposition of
degraded pipe wall while maintaining safety margins against failure. The minimum wall
thickness requirement, denoted by tnin, is obtained by assuming that the thinning is
uniform due to general corrosion and that the piping loads remain unchanged after thinning.
The nonuniform thinning and pitting are beyond the scope of this analysis and the technical
bases can be found in Reference 4.

Measured pipe wall thickness is acceptable if it is greater than the 87.5% of the
nominal (or design) thickness'[9]. In the case that the pipe wall was degraded more than
87.5% of the nominal (or design) wall thickness, the values of t,,;, in Table 2 will be used
for acceptance criteria for the carbon steel piping. Note that the bending moment of the
piping is redistributed as a result of natural frequency shift due to the partial thinning across
the span. For example, an analysis with the K-reactor -20 floor response spectra [1]
indicated that a 10% frequency decrease may be translated to a 10% increase in acceleration
(and piping forces) at certain frequency range [1,4]. A limit of 10% natural frequency shift
in a simple beam model was proposed in accordance with the as-built piping tolerance
standard accepted by the U. S. Nuclear Regulatory Commission [1,4]. Therefore, within
the 10% frequency shift, Table 2 can be used directly as the wall thinning acceptance
criteria for the carbon steel piping. The following two conditions should be met to ensure
that the frequency shift is within the 10% limit [4]:

(1) When % 2 80%, the 10% frequency shift is unconditionally met.




Length of Thinned Portionof Pipe 0.1
Length of Span between Pipe Supports ~ 1 - tayefty

(ii) When Ez—e < 80%,

where t,y. 1s the averaged wall thickness around the pipe circumference, t, is the design
or nominal pipe wall thickness.

Outside of the 10% frequency shift range, a frequency dependent force magnification
factor (Fgeq amp) must be estimated for straight pipes (Figure 1B in Reference 4). The
minimum thicknesses listed in Table 2 for pipe branch locations and for pipe elbows remain
the same, because Freq amp is not applicable to these locations and the ASME code-based
stress intensification factors (SIF) have been considered. As a result, the values for
straight pipe in Table 2 must be adjusted accordingly to reflect an increase in piping load.
The acceptance criteria for the minimum wall thickness become Freq amp X tf;'i‘::ght PP
Strictly speaking, only the minimum thickness derived from the postulated circumferential
flaw needs to be corrected by Frreq amp . However, for simplicity it is proposed that

straight pipe
Fireq amp X trin

applies to all minimum thickness requirements for straight pipes (t‘;tfifght PIP) in Table 2.

The acceptance criteria methodology for wall thinning can be summarized in a flow
chart shown in Figure 10. A thinned wall which does not meet the acceptance criteria may
be acceptable, if a customized analysis is performed and the safety margins are
demonstrated.

ACKNOWLEDGEMENT"

The information contained in this paper was developed during the course of work
under Contract No. DE-AC(09-89SR 18035 with the U. S. Department of Energy.

REFERENCES

1) Mertz, G.E. and Lam, P.S., "Structural Integrity of Large Diameter CWS Piping
(U)," WSRC-TR-92-236, Westinghouse Savannah River Co., Aiken, SC, June 1992.

2) Lam, P.S., Gupta, N.K, and Kao, G.C., "Structural Integrity Evaluation for Carbon
Steel Piping in 190-K Pump House (U)," WSRC-TR-93-177, Westinghouse
Savannah River Co., Aiken, SC, April 1993.

3) Lam, P.S., Gupta, N.K, and Kao, G.C., "Structural Integrity Evaluation for Carbon
Steel Piping in K-Reactor Emergency Pump Room (U)," WSRC-TR-93-258,
Westinghouse Savannah River Co., Aiken, SC, June 1993.

4) Mertz, G.E., "Wall Thinning Criteria for Low Temperature - Low Pressure Piping
(U)," WSRC-TR-93-002, Westinghouse Savannah River Co., Aiken, SC, January
1993.

5) ASME Boiler and Pressure Vessel Code, Section X1, Appendix H.

6) SEP-7, "Dynamically Analyzed Seismic Category 1 Piping Systems for Savannah
River Site Reactors," Seismic Qualification Program, Savannah River Site Reactor
Facilities Program Plan and Procedures, Westinghouse Savannah River Co., Aiken,

SC, July 1990.




15 of 24

7) SEP-24, "Verification of Seismic Adequacy of Piping Systems," Seismic Qualification
m. Savannah River Site Reactor Facilities Program Plan _and Procedur
Westinghouse Savannah River Co., Aiken, SC, July 1990.

8) ASME/ANSI B31.1, Power Plgmg 1987.

9) ASME Boiler and Pressure Vessel Code, Code Case N-480: "Examination
Requirements for Pipe Wall Thinning Due to Single Phase Erosion and Corrosion,
Section XI, Division 1," approved May 10, 1990, in 1992 Code Cases: Nuclear
Components, p. 787, July 1992.

10) Milne, I, Ainsworth, R.A., Dowling, A.R., and Stewart, A.T., "Assessment of the
Integrity of Structures Containing Defects," Int. J. Pres. Ves. & Piping, Volume 32,
pp- 3-104, 1988.

11) Menke, B.H., Loss, F.J., and Hawthorne, J.R., "Savannah River Nuclear Facility
Piping Material Characterization," MEA-2033, Materials Engineering Associates, Inc.,
Lanham, Maryland, November 11, 1983.

12) ASME Boiler and Pressure Vessel Code, Section XI, Appendix A, Edition 1986.

13) Maccary, R.R., "Nondestructive Examination Acceptance Standards: Technical Basis
and Development of Boiler and Pressure Vessel Code, ASME Section XI, Division
1," NP-1406-SR, Electric Power Research Institute, Palo Alto, CA, May 1980.

14) Zahoor, A., Ductile Fracture Handbook, Volume 2, Page 3.1-7, EPRI Report NP-
6301-D, V2, Electric Power Research Institute, Palo Alto, CA, October 1990.

15) Galambos, T.V.(edi.), Guide to Stability Design Criteria for Metal Structures, 4th
Edition, Chapter 14, "Circular Tubes and Shells," John Wiley & Sons, Inc., 1988.

16) Green, D. and Knowles, J., "The Treatment of Residual Stress in Fracture
Assessment of Pressure Vessels," in Proceedings of 1992 Pressure Vessels and
Piping Conference, New Orleans, LA, PVP-Vol.233, Pressure Vessel Fracture,
Fatigue, and Life Management, American Society of Mechanical Engineers, pp.237-
247, June 1992.

17) Murakami, Y., Stress Intensity Factors Handbook, Volume 1, pp. 42-43, Pergamon
Press 1987.

18) Zahoor, A., Ductile Fracture Handbook, Volume 3, Pages 7.1-1 and 7.3-1, NP-6301-
D, V3, Electric Power Research Institute, Palo Alto, CA, June 1989.

19) Tada, H., Paris, P.C., and Irwin, G.R., The Stress Analysis of Cracks Handbook,
Second Edition, Paris Productions Incorporated (and Del Research Corporation), Saint
Louis, MO, 1985.

20) Hahn, G.T., Sarrate, M., and Rosenfield, A.R., "Criteria for Crack Extension in
Cylindrical Pressure Vessels,” International Journal of Fracture Mechanics, Vol. 5,
pp-187-210, 1969.

21) Eiber, R.J., Maxey, W.A., Duffy, A.R., and Atterbury, T.J., "Investigation of the
Initiation and Extent of Ductile Pipe Rupture,” BMI-1908, Battelle Columbus
Laboratories, Columbus, OH, June 1971.




16 of 24

Kr

1.00

Unstable

0.90

>

0.70

0.60

Stable

0.50

0.40

0.30

0.20

0.10

Aist i tete dr bR RRRER LR RREQOR AR RL PRGOS SRDORLE
T T T T T T T t T

0.00

-------------------------------

1.40

g
§
3
g
g
8
B

FIGURE 1. FAILURE ASSESSMENT DIAGRAM (FAD)
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FIGURE 2 CIRCUMFERENTIAL SEMI-ELLIPTIC FLAW
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FIGURE3 A SEMI-ELLIPTIC FLAW WITH LOSS OF SURFACE BY
AN AMOUNT OF h ON THE CRACKED SURFACE
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FIGURE4 CIRCUMFERENTIAL PART-THROUGHWALL FLAW WITH
UNIFORM DEPTH d.
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FIGURE 7 SEMI-ELLIPTIC SURFACE FLAW IN A BENDING SPECIMEN
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FIGURE 9 AXIAL THROUGHWALL FLAW WITH LENGTH 2a
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