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3.10 Simplified Inelastic Analysis of a 101.6-mm (4-in.),
Sched-10 Elbow-Pipe Assembly Subjected to

an In-Plane Moment Loading

R. C. Gwaltney W. J. McAfee

This section presents the results for a simplified finite element pip-

ing analysis of International Piping Benchmark Problem Number 2. The pip-

ing code PIRAX2 was used which utilizes simplified piping elements that

have cross-sectional characteristics modeled using force-strain relation-

ships and axial characteristics of beams.
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ABSTRACT

Results are reported for a simplified inelastic analysis of a thin-

walled elbow pipe assembly tested under elastic-plastic-creep conditions.

The analysis was performed as part of an IWGFR-sponsored Piping Benchmark

Problem Effort being coordinated by Oak Ridge National Laboratory (ORNL).

Comparisons are made between calculated and measured values of free-end

displacement of the assembly and of outside surface strains at selected

points in the elbow. The analyses overpredicted end deflections and sur-

face strains by factors ranging from two to five.

1. INTRODUCTION

At the IWGFR Specialists' Meeting on High-Temperature Structural De-

sign Technology held April 27-30, 1976, it was recommended that an inter-

national cooperative effort be undertaken to evaluate detailed and sim-

plified analysis methods for piping components and systems.1 The Oak

Ridge National Laboratory agreed to compile and issue a set of reference

problems submitted from IWGFR member countries. This compilation would

then provide a set of piping benchmark problems for use in the assessment

of analysis methods for piping systems.

This report presents results for simplified analyses of Problem 2 of

the compiled benchmark problems.2 This is an elevated-temperature [593°C

(1100°F)] inelastic test of a nominal 101.6-mm (4-in.), sched-10 elbow-

pipe assembly which was conducted at the Battelle-Columbus Laboratories.

The test assembly, shown in Fig. 1, was fabricated from type 304 stainless

steel material from a particular heat (heat 9T2796) that is being used

for extensive elevated-temperature materials and structural testing. The

assembly was loaded by in-plane couple forces such as to impose a pure

bending moment on the piping-elbow assembly. A moment of 843 Nm (7458

in.-lb) was first applied, This load level resulted in both elastic and

plastic loading strain. The moment was held constant for 295 hr during

which creep deformation occurred in the assembly. The moment was then

increased to 1114 Nm (9858 in.-lb) and held for an additional 44 hr.

A load histogram is shown in Fig. 2.



573

During the entire test, measurements of assembly free-end deflection

and elbow outside surface strains were made. The free-end deflection is

characterized by two orthogonal displacements and a rotation. Referring

to Fig. 1, these are:

a; 3 '

«j, = («i ~ 62)/2 , CD

6 = (61 + 62)/24 .

Surface strains were measured using special high-temperature strain gages

developed at Battelle-Columbus Laboratories. These gages were attached

to the elbow at the locations shown in Fig. 3.

Results are presented for simplified analyses of this test using

the computer code PIRAX2.3 Two separate analyses were performed. In

the first, the creep equation as recommended in Ref. 4 was used. The

model was then reanalyzed using an alternate creep representation that

seemed to be more representative of material secondary creep rates for

the range of stresses calculated in the structure. These equations are

presented in Section 5. Comparisons of experimental and calculated free-

end deflections and surface strains are presented for both analyses.

2. SIMPLIFIED ANALYSIS CODE PIRAX2

PIRAX2 was designed for the simplified inelastic analysis of spa-

tially three-dimensional piping systems.3 Elastic, plastic, and creep

deformations can be analyzed. Note that creep deformation is limited to

the steady-state type. Plasticity is implemented using the form

/P , (2)

where

ê  = plastic strain (in./ in.) ,

a = stress (psi),

a = yield stress (psi),
i
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er" = plastic strain at the yield stress (in./in.),

N = plasticity exponent.

Creep is implemented using the form

n o

where

e° = creep/relaxation strain,

t = time,

a = stress,

K = nominal creep rate,

a = nominal creep strength,

N = creep/relaxation exponent.

This creep formulation obviously means that only a steady-state type creep

is accounted for in the analyses.

Imposing the restriction of small displacements permits integration

over the pipe cross section of the elastic/inelastic stress-strain laws to

yield generalized force-strain relationships. This then permits develop-

ment of simplified pipe elements that have the cross-sectional character-

istics modeled by these integrated force-strain relationships and the axial

characteristics of beams. PIRAX2 has two types of these elements —

straight, uniform pipe elements and circularly curved uniform pipe elements

that incorporate both elastic and inelastic flexibility factors.5"7

3. STRUCTURAL IDEALIZATION

The test assembly was modeled using 43 pipe elements as is shown in

Fig. 4. These included 25 straight pipe elements and 18 circularly curved

pipe elements with a 152.4-mm (6-in.) bend radius and a 5-deg arc. Aver-

age values of 114.3 mm (4.5 in.) outside diameter and 108.2 mm (4.26 in.)

inside diameter were used for both the pipe legs and the elbow. The en-

tire loading structure at the free end of the assembly (see Fig. 1) was

modeled as a single rigid element (element No. 43 in Fig. 4).
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The boundary conditions were applied at nodes 1 and 44. Node 1 was

defined to have zero displacement (rotation) whereas the prescribed moments

were applied at node 44.

4. CONSTITUTIVE EQUATIONS

The formulations in PIRAX2 have simplified the total stress state

into a normal axial stress and a shearing stress. As a consequence, plas-

tic flow is defined entirely by a normal stress-strain relationship indi-

cated in Eq. (2). Hardening, i.e., cyclic type, is not explicitly accounted

for in the program. Creep is implemented in a manner that only considers

a steady-state type creep behavior and, by implication, no hardening is

invoked.

5. MATERIALS PROPERTIES

The equation for the plastic stress-strain curve supplied in the

original problem statement2 was used. This is

E P = 4.59 x K T 4 1 a 9- 3 3 7 7 , (4)

with stress in psi and plastic strain in (in./in.).

Analyses using two different creep relationships were performed.

PIRAX2 requires input for the constants in the creep rate equation shown

in Eq. (2). Thus the tabular information supplied in Ref. 2 could not

be used directly. The first creep analysis was performed using an equa-

tion recommended by Griffith and Rodabaugh.1* This equation, defined

herein as creep Eq. (1),

k° = 1.738 * 10"17 a3-711 , (5)

with stress in psi and creep rate in (in./in./hr), was based on a limited

amount of secondary creep rate data for the heat of material used in

fabricating the test assembly. The creep rates calculated from Eq. (5)

seem to be normalized to a stress of about 48.3 MPa (7 ksi).
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A preliminary elastic-plastic analysis of the elbow structure indi-

cated that stresses in the structure ranged from 34.S MPa (5 ksi) to 172.4

MPa (25 ksi). An alternate creep rate representation was developed by

fitting a power law form to values of minimum creep rate calculated from

the minimum creep rate equation recommended in Ref. 8 and for a stress

range of 34.5 MPa (5 ksi) to 137.9 MPa (20 ksi). The result, defined

herein as creep Eq. (2), was

e° = 1.3266 x 10"12 a5-1* , (6)

where a is in psi and creep rate is in (in./in./hr). The difference in

these two equations is shown in Fig. 5.

6. RESULTS AND CONCLUSIONS

The calculated values for free-end deflection are compared in Table 1

and in Fig. 6. The plastic part of the loading is captured quite well

both for the initial load and for the load increase. The creep deforma-

tion, however, is overpredicted at each load level for both cases. The

time dependency of outside circumferential surface strain at gage location

10 (see Fig. 3) is shown in Fig. 7. The agreement between experimental

and analyses results is considered good enough to be used in preliminary

design assessment.

In evaluating the comparisons shown in Figs. 6 and 7, one should keep

in mind the type of analysis that was performed. PIRAX2 utilizes a num-

ber of simplifications both for modeling the structure and for setting up

the field equations. Thus, exact comparison between experimental and

analytical results for a problem of this type would be highly fortuitous.

The use of a secondary creep rate type creep law is a dominate approxima-

tion for a structure loaded at the stress levels and for the time durations

of this problem. The structure should still be in primary creep at most

nodal positions. One would expect that use of a secondary creep equa-

tion should thus underpredict creep deformation. The opposite was observed.

However, the assumption of a uniform temperature of 593°C (1100°F) through-

out the structure would lead to overpredictions of both plastic and creep
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Table 1. Comparison of free-end deflections from experiment and analyses

Time
(hr)

0

295.000

295.017

339.000

a

0.0107

0.0136

0.0176

0.0191

9 (rad)

b

0.01122

0.03290

0.03651

0.04561

a

0.01122

0.05052

0.05413

0.08057

a

5.918

7.569

9.822

10.650

6 (mm)*

b

6.347

6.790

8.833

14.155

a

6.347

29.365

31.481

46.898

a

0.660

0.864

1.044

1.146

6 (mm)*

b

0.846

2.079

2.352

2.869

a

0.846

3.031

3.304

4.774

Experimental results.

Results for first analysis.

'Results for second analysis.

"1 in. = 25.4 mm.
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deformations since a significant portion of the model was at lower tempera-

tures. The creep deformation in particular is sensitive to temperature

changes as has been demonstrated in Ref. 9 where a 50°C (90°F) temperature

change results in an order of magnitude change in the creep rate. In

application, the temperature distribution along the length of the assembly

should thus also be considered but was beyond the scope of the present

investigation.

In summary, the simplified analyses performed using the code PIRAX2

provided reasonable comparisons with experimental results. However, one

of the difficulties associated with making an assessment of the results

is that, although steady-state creep analyses were performed, the creep

deformation of the structure was essentially all in the primary stage.

When evaluated in the light of computational costs, simplified techniques

such as PIRAX2 represent an important tool for the analyst provided that

the simplifications are understood and considered in evaluation of results.
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Fig. 1. Schematic of piping-elbow assembly and loading system.
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M = 1114 N-m (9858 i n . - l b )

M = 843 N-m (7458 i n . - l b )

TIME

Fig. 2. Moment histogram used in analysis of t es t .
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Strain Gage Length - 0.375"

C = Circumferential

L •= Longitudinal

Gages are on outside surface

/////V77//777///

Fig. 3. Location of high-temperature strain gages used
to measure surface strains on elbow.
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APPLIED MOMENT

{a) NODE

©—(5) ELEMENT

OUTSIDE DIAMETER = 114.3 mm (4.5 in.)
INSIDE DIAMETER - 108.2 mm (4.26 in.) RIGID

ELEMENT
165.1 mm
6.5 in.

42

41

40
I

39
I

38
I

37
I

36
I

35
I

34
I

33
I

32
31

-26.9875 mm
(1.0625 in.)

-TYP.

1 2 3 4 5 6 7 8 9 10 11 12

Fig. 4. Computer model of piping-elbow assembly used in PIRAX2
analysis of IPBP-2.
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Fig. 5. Comparison of creep equations used in PIRAX2 analyses.
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End R o t a t i o n o f A s s e m b l y v s T ime
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Fig. 6. Comparison of assembly free-end rotation for
experimental and analyses resu l t s .
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Fig. 7. Comparison of circumferential strain at gage location
10 for experimental and analyses results.


