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B. J. Hsleh and Yu Tang
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Abstract

This paper discusses the global stress analysis required for the seismic/structural requalification of a

reactor secondary piping system in which minor defects (flaws) were discovered during a detailed inspection.

The flaws in question consisted of weld imperfections. Specifically, it was necessary to establish that the

stresses at the flawed sections did not exceed the allowables and that the fatigue life remained within

acceptable limits. At the same time the piping system had to be qualified for higher earthquake loads than

those used in the original design.

To accomplish these objectives the nominal stress distributions in the piping system under the various

loads (dead load, thermal load, wind load and seismic load) were determined. First a best estimate finite-

element model was developed and calculations were performed using the piping analysis modules of the

ANSYS Computer Code. Parameter studies were then performed to assess the effect of physically

reasonable variations in material, structural, and boundary condition characteristics. The nominal stresses

and forces so determined, provided input for more detailed analyses of the flawed sections. Based on the

revaluation, the piping flaws were judged to be benign, i.e., the piping safety margins were acceptable

inspite of the increased seismic demand.

1. Introduction

Existing and operating piping systems in a nuclear facility may contain "flaws" that escaped detection

in earlier examinations of the piping during its construction, erection, and normal service. Such flaws are

usually due to substandard materials or construction, and may adversely affect the safety margins of the

plant Hence, to continue operation the integrity of the piping under all desigr. !oads must be ^evaluated,

i.e., the system must be requalified with the effect of the flaws included.

This paper describes the global stress analysis part of the requalification process for a piping system

with minor flaws that had been in place for many years without causing any adverse effects and had,

therefore, gone undetected. The requalification was performed for a redefined set of design loads that now

included the effect of increased earthquake loads.

Specifically, the secondary piping of a reactor plant was examined. During a radiographic examination

of the piping it was observed that a few welds appeared to contain imperfections, such as excessive weld

undercuts or poor weld fusion. These wslds were then considered as flaws. At issue was the effective

thickness of the pipe which actually may be smaller than what had been assumed in the original design

analysis. The concern arose that the actual stress, particularly near the weld locations, might be higher than

the value determined in the safety analysis, and could exceed the allowable-stress and/or the fatigue-life



limits. Since ihe piping had been in service for many years apparently without any noticeable problems, it
might even be aigued that the flaws are only cosmetic and do not affect performance, at least under normal
operational loads. However, no documentation or engineering calculations existed to confirm this. Further,
the seismic hazard specified for the plant site had increased from the value used when the system was
designed.

Because of these concerns, it had to be demonstrated that the weld defects did not significantly reduce

the safety margins of the piping. Specifically, it was necessary to show that stresses did not exceed

allowables and that the fatigue life of the piping was not reduced below acceptable limits. To accomplish

this, stress distributions along the piping and particularly in regions around the flaw locations, first had to

be determined for various design loading conditions. It is this latter task, which the remainder of this paper

addresses.

2. Approach

The standard method in piping analysis is to treat the pipes and components as a system of beams.
The stiffness and mass distributions of the beams arc adjusted so as to reflect the effect of piping
components and equipment and other peripherals. From Saint-Venant's principle (Fung, 1965) it can be
argued that small local anomalies will not generate global stress variations. Had the local flaws in the
piping not been small, they would have affected the global behavior of the system, and this in turn would
have led to their early detection. Therefore, it was concluded that a typical beam-type analysis of the piping
will give the nominal global stress distribution. Using the nominal stresses as input, the "actual" stress at
any specific location, such as tee joint, valve, or weld, can then be obtained by further analyses using either
appropriate formulas or refined finite element calculations. Alternately, the ASME B&PV Code (ASME,
1963) provide Stress-Intensification Factors (SIFs) to be used with specific pipe components and equipment
that are fabricated in accordance with certain standards. These factors represent the summary of results from
many analytical and experimental studies of these components. Since their use is convenient, they were
employed for the current evaluation. Once the nominal stresses and the SIFs are known, they can be
directly applied in the ASME code formulas for allowable-stress compliance verification and for fatigue-life
calculation.

To perform a credible stress analysis of piping subjected to various loads requires a flexible, reliable,
robust and verified analysis tool. The widely used ANSYS software system (Swanson Analysis Systems,
Inc., 1989) was considered appropriate for this purpose and was selected for the analysis. ANSYS is a
general-purpose computer code that uses the finite-element methodology. It has a piping module
permitting easy construction of piping models and it can automatically generate SfFs from the model input
The ease of modeling the piping makes it simple to perform many parametric studies in order to evaluate
the effect of various parameters and boundary conditions and to find the most appropriate stress
distributions. In the current application only linear elastic analyses of the piping using the ANSYS piping
module were performed.



3. Piping Description and Analytical Model

The portion of piping considered essential for an adequate prediction of the stress distributions along the
pipe and at the flaw locations is shown schematically in Figure 1 together with its finite-element node and
element numbering schemes. The total length of the piping is about 100 feet, and the nominal pipe
diameter is 14 inch. The piping is constructed of a number of maierials and has sections with different wall
thicknesses. It is an assembly of straight segments and standard pipe eibows. Besides being constrained at
both ends, the piping is supported by additional anchors, spring hangers, and wall supports (sec Fig. 1).

The finite-element model of the piping shown in Figure 1 was designated as the standard reference
model. Generated by the ANSYS piping module, the model contained 55 elements and 68 nodes. There
were two types of elements: curved pipe elements to simulate elbows and straight pipe elements. Each
elbow was represented by two curved elements, defined by 4 nodes. The details at each elbow, El to E6, are
shown in Figure 2.

The standard reference model used the following assumptions based on the best information and
engineering judgement: (i) Elbow E5 had an angle of 93°39"; however, it was treated as a 90° elbow,
(ii) Node 1 was treated as anchored; this was where the pipe entered a building wall, (iii) The nonlinear
one-way pipe stop at Elbow E6 was resolved as active during seismic loading only and inactive during
thermal loading. Therefore, node 66 (see Fig. 2) was treated as rigidly restrained against axial motion in the
seismic analysis and free to move in the thermal analysis, (iv) Node 68 (see Elbow E6 - Fig. 2) was
treated as a rigid restraint in three translational directions, i.e., a hinged support. This is where the pipe is
connected to some equipment, (v) Supports at nodes 11,14, and 39 were treated as constant-force hangers,
(vi) In the global analysis the local weld anomalies or flaws were not modeled. The two welds were treated
as regular finite-element nodes, node 42 for Flaw 1 and node 38 for Flaw 2. (vii) The stress-free
temperature was assumed to be 440°F.

4. Load Description and Analysis

Engineering practice and regulatory codes and standards require that the sustained loads (weight and
pressure), the occasional loads (wind, relief-valve discharge, and seismic), and the expansion loads (thermal)
be considered in appropriate combinations. In the current application the ASME PV&P Code is assumed to
govern. Loadings deemed unlikely to occur or irrelevant to the subject piping were not studied. The loads
taken into account are discussed in the following:

4.1 Deadweight Load

The deadweight load was automatically generated by ANSYS from the geometric and material
properties of the piping as given in the form of input to the finite-element analytical model. The weight
consisted of that of the pipe, of the insulation, of the liquid medium, and of the steel jacket where present

4.2 Pressure Load

The piping had a design internal pressure of 150 psi and a maximum operating internal pressure of

75 psi.
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Figure 1: Finite element model of the piping
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Figure 2 : Elbow Free-Body Diagram



4.3 Thermal (Expansion) Load

The reference siress-free temperature of 440°F was used in al! thermal-stress analyses. In each thermal
load case, it was assumed that the piping had a uniform temperature distribution over its whole length. The
thermal load cases considered were: 70°F, 700°F, 88O°F, and 912CF each from the reference temperature of
440°F, respectively. (The piping was cold sprung during its construction. Cold springing cannot be used to
reduce the stress; however it can be used to reduce nozzle loads on equipment (Kannappan, 1986).)

The piping was also analyzed for a thermal anchor movement at one end due to plant sun up or shut
down. The movement was concurrently 3/4" in the negative X direction and 5/8" in the positive Y
direction. This was a separate load case, so its results could be combined with those of other thermal cases
at various temperatures to provide conservative estimates of thermal or expansion stresses.

4.4 Seismic Load

The seismic analysis of the piping used the response-spectrum method. The ZPA of the seismic
ground motion at the plant site was 0.21g. The horizontal and vertical enveloping spectra for the piping,
including the contributions of all intermediate pipe supports together with the differential motion between
key locations, were input to the ANSYS analysis. The input spectra at the piping ends and the pipe
supports for seismic analysis were obtained from an independent study which had modeled the complete
system. The horizontal and vertical eveloping spectra are shown in Figure 3.
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Figure 3 : Horizontal and Vertical Envolping Spectra

When the response-spectrum method is used to analyze a piping system subjected to different motions

independently applied at multiple locations, a separate static differential anchor movement analysis is

usually also required. The piping differential motions between its two ends were found to be minimal, i.e.,



much smaller than the anchor movement associated with thermal expansion. Hence, they were neglected in

the analysis.

The horizontal spectral input motion was applied in both the X and the Z direction, respectively, as
two distinct load cases. The vertical spectral input motion constituted the third load case. The three
directional components were combined using the SRSS (square root of sum of squares) algorithm based on
the assumed statistical independence among the components of seismic motions.

Each directional component was obtained by summing up the responses of all the nontrivial vibration
modes. A number of such modal combination algorithms is available (ASCE, 1980), including the
absolute sum (ABS), the SRSS sum, and the 10%-grouping sum. There is evidence that the ABS is
unnecessarily conservative (Naeim, 1989). The SRSS sum yields the most probable result, when the input
motion is random. Because of the conservatism built-in in defining the input for the response spectrum
method and of the random statistical nature of the maximum ground acceleration (ZPA) at a site, the SRSS
algorithm appears more appropriate than ABS. The 10%-grouping sum is an accepted method to address the
issue of closely spaced modes (USNRC, 1976): it produces results numerically between those of the ABS
and those of the SRSS. The SRSS modal combination method has been recognized as the most appropriate
approach in the Tri-Service Manual for Seismic Design of Essential Buildings (Triservice Manual, 1986).
This Manual in turn has been endorsed in the official DOE guidelines.

In the response-spectrum method, theoretically the total response is to be obtained by summing all the
modal responses, each vibrational mode having a modal mass that is a fraction of the total. In reality, only
a certain number of modes is included. This can lead to the so-called missing-mass probtem, if insufficient
modes arc used. The effect is not trivial in some piping analyses, particularly where a cutoff frequency of
33 Hz is arbitrarily set, to drop higher-frequency modes. Some piping analysis computer software has
built-in routines to restore approximately the effect of the missing mass, but ANSYS lacks automated,
built-in routines to do this. In ANSYS V4.4, the easiest and most direct way to avoid missing mass is to
specify a large number of master degrees of freedom in order to generate a sufficient number of vibration
modes, and to insure that these significant modes are included. In the current study, the ANSYS modal
summary was always examined to insure the inclusion of a sufficient number of modal masses.

Another issue when using the response-spectrum method, is the handling of high-frequency modes. It
has been found that the SRSS combination method may lead to un-conservative results near the supports of
stiff components with many high frequency modes, but away from the supports, the results are quite
conservative (Coats and Lappa, 1988). Since the reference piping model, under the given seismic loading,
did not have any significant modes with natural frequencies greater than 10 Hz, the SRSS approach appeared
to be acceptable even near supports. Furthermore, because the flaws were not near any support, and because
some recent evaluations (Coats, 1988) recommend that the normal SRSS method can be used even for
combining closely spaced modes, it was decided lhat results obtained by the SRSS method are acceptable for
the current application.



4.5 Wind Load

The analysis of wind load followed ihe Department of Energy guideline (Kennedy et al., 1990) which
recommends the approach of ANSI A58.1-1982 (ANSI, 1982). The maximum wind hazard at the site in
question was a 95-mph straight wind; the wind was applied only over the exposed piping segment. For a
95-mph wind, the wind pressure may vary from 1 to 95 psf (pound per square foot), dependent on the
parameters representing the characteristics of the environment, of the terrain, and of the shape of the
structure and its surface smoothness etc. Nonetheless, ANSI A58J mandates a minimum wind pressure of
10 psf.

Since the ANSI A58.1 standard addresses primarily minimum design loads for buildings and other

civil structures, but not for piping, it was thought more appropriate to use formulas specifically applicable

to round pipes. Using a drag coefficient of 0.62 for cylinders (Smith and Van Lann, 1989), the pressure for

a wind of 95 mph was determined to be 18.35 psf. Though the above reference was not explicitly endorsed

by the DOE guideline, the approach therein appeared reasonable. Also the value of 18.35 psf was between

the bounds specified in ANSI 58.1 (10 and 95 psf). Therefore, 18.35 psf was selected as the appropriate

wind pressure.

Three wind-load cases were analyzed: wind in X, in Z, and in X-Z (45 degree to the X or Z axis). The

response in X-Z direction was calculated as the vectorial sum of the responses in the X-and Z-direction.

5. Results

In piping design and analysis the resultant bending stress at a pipe cross section, that must be checked
against the equations of the ASME PV&P Code, also includes the contribution of the torsional moment.
For each type of piping component, such as an elbow, the nominal stress computed through the classical
simple-beam formula must be multiplied by a stress index or intensification factor. The values of the stress
intensification factors, SIF's, are specified in the ASME Code. ANSYS V4.4 provides an automatic
means of computing ihe SIF's for many pipe components; the formulas therein corresponds to the 1974
version of the ASME Code, Section III, Division 2, Subsection NC. The SIF for a straight pipe element
is unity, and the SIF for a curved element representing a part of an elbow depends on the radius of curvature,
the diameter, and the thickness of the elbow. The automatically generated SIF's for ihe curved elements of
the elbows in the subject piping were:

SIF per 1974 ASME Section III, Division 2, Class NC

Elbow | Element Numbers

El
£2

E3

E4

E5

E6

44,45

46,47

48,49

50,51

52,53

54,55

SIF

3.0081

3.0081

2.7490

2.7490

2.7490

4.7839



Unless otherwise stated, all resultant bending stresses reported herein have already been multiplied by
their corresponding SIF's. The total resultant bending stresses as computed by ANSYS at the flaw
locations for the various loading cases are given below:

Resultant Bending Stress in psi

Load Case

Deadweight

Thermal
Anchor Motion

70-440°F
440~700°F
440~880°F
440~912°F

150 psi pressure

Seismic(0.21g ZPA)

SRSS

10% Grouping

ABS

Wind (Straight Wind)
95 mph in X
95 mph in Z

95 mph in X-Z

Flaw 1

315

95
157
114
187
199

2

877
1,034
1,761

361
100
265

Flaw 2

24

1,170
1,008
732

1,203
1,281

10

3,591
3,828
6,979

689
823
759

Note that the ASME PV&P Code requires only that each of the occasional loads, i.e., seismic or the
wind load, be combined separately with the thermal and susiained loads. Each of these load combinations is
then checked against the allowables. For the subject piping, the seismic load produced higher stresses.
Therefore, the wind load combination needed not be considered further.

To better understand the stress distribution of the piping, the resultant bending stresses at some key
locations in the piping are presented below (see Figure 1 for Iheir position):

Resultant Bending Stress in psi

Load Case

Deadweight

Thermal
Anchor Motion

70~440°F

440~700°F

Node
1

841

584

2,166

1,548

Ncde
6

388

559

2,035

1,461

Node
9

217

468

1,709
1,224

Node
18

476

670

2,352

1,697

Node
24

284

591

2,125

1,523

Node
33

191

642

1,532

1,109

Node
35

1,040

1,735

1,485

1,078



440~880°F
440~912°F

150 psi pressure

Seismic(SRSS)

2,486
2,626

22

17,743

2,360
2.498

21

6,365

1,975
2,090

17

6,996

2,797
2,983

24

4,591

2,487
2,644

22

5,480

1.816
1,931

16

3,380

1,771
1.886

15

4,951

These stresses are, in general, higher than those calculated at the locations of the flaws. In particular,
the seismic stress at the anchor (Node 1) is quite high. However, the specified stress allowables were still
notexceeded.

6. Modeling Variance

The standard reference model was developed with conservatism and flexibility. Hence, it was not
expected that minor model adjustments would affect the conclusions. Nevertheless, parametric studies were
performed with the model to simulate the effect of physically realistic variations in pipe thickness, support
stiffness, and anchor stiffness. The objective of these studies was to assess the effects of uncertainty in the
piping geometrical and material parameters. The studies indicated, that the conclusions based on the
reference model were valid, and that ail requirements of the ASME Code could be met with physically
realistic variations of ihe piping parameters.

7. Discussion and Conclusions

This paper presents the procedure and computational approach for determining the nominal stress
distributions in a piping system. The calculated results can be used to evaluate Ihe adequacy of the global
piping design and safety margins in accordance with the ASME PV&P Code. They can also serve as a
basis for more detailed examinations of flawed (e.g., defective weld) pipe sections. One approach is to
determine the stress amplification factor (SIF) at a flawed pipe section by using a very detailed finite
element model that represents the geometry of the flaw and then compare the stress levels of the flawed
section with those of an undamaged section. The obtained SIF can then be combined with the nominal
stress results to yield the "actual" stress at the flawed pipe section for any given loading. The latter in turn
can be used to perform a fatigue-life calculation for the flawed piping.

Alternatively, the guidelines and approach of the ASME B&PV Code Section XI: Rules for in-service

inspection of Nuclear power plant components can be used to evaluate flawed piping. This requires only
the nominal global stress distribution in the piping, as obtained here, together with some characteristics of
the actual flaw. No refined analyses of the flawed section or the determination of its SIF is necessary.
Thus, when a well documented design stress analysis of the piping is available it suffices for an
requalification of the piping.

In the case under investigation, the latter approach was finally employed. However, the global pipe
stress analysis had to be performed, because the seismic demand had increased since the original design of
the piping. Based on the reevaluation, the pipe flaws were judged to be benign; i.e., the piping safety
margins were not affected, and plant operation could be resumed.
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