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Naoto Kasahara'

Abstract

Elevated temperature structural design codes pay attention to strain concentration at
structural discontinuities due to creep and plasticity, since it causes to enlarge creep-fatigue
damage of materials. One of the difficulties to predict strain concentration is its
dependency on loading, constitutive equations, and relaxation time. This study
investigated fundamental mechanism of strain concentration and its main factors. The
results revealed that strain concentration was caused from strain redistribution between
clastic and inelastic regions, which can be quantified by the characteristics of structural
compliance, Characteristic of compliance is controlled by elastic region in structures and
is insensitive to constitutive equations. It means that inelastic analysis is easily applied to
get compliance characteristics. By utilizing this fact, simplified inelastic analysis method
was proposed based on characteristics of compliance change for prediction of strain

concentration.

*  Structure and Material Research Group, System Engineering Division, OEC, INC
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1 INTRODUCTION

In high temperature and low-pressure components such as Fast Breeder Reactors,
initiation of creep-fatigue cracks by cyclic thermal stresses becomes one of main failure
modes. Especially, consideration is paid to .structural discontinuities, since strain
concentration by plastic and creep deformation causes their strength degradation [1].

The elastic follow-up concept [2] can explain the qualitative mechanism of the strain
concentration. When a high-rigid and low stress structure is connected to a low-rigid
and high stress one and they are subjected to displacement load, creep deformation in
the low-rigid portion unloads both portions. During relaxation process, elastic recovery
of the high-rigid portion enhances displacement of the low-rigid one since total
displacement is constant. As a result, the low-rigid part has a strain concentration,
which does not occur in the elastic deformation.

For quantitative evaluation of strain concentkation, the inelastic finite element method is
expected because prediction of this behavior becomes a statically indeterminate problem
in which stress and strain couple. However, there are some difficulties to apply it to
design, such as dependency of their solutions on constitutive equations and load
histories. Therefore, conventional designs were based the elastic analysis methods with
help of conservative strain concentration factors [3], and their rationalization is requires
from a demand on the plant economy.

In this paper, a quantitative mechanism of strain concentration is clarified through
investigations of their sensitive factors by the inelastic finite element method. Finally,
this study provides a realistic design approach based on the inelastic finite element
method and a simplified method with elastic analysis.
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2. STRAIN CONCENTRATION MECHANISM OF STRUCTURAL
DISCONTINUITIES

2.1, PLASTIC BEHAVIOR

Elastic-plastic strain concentration behaviors in the Y-piece were examined, since

the Y-piece can represent strain behavio_rs in structure discontinuities. Load
conditions were assumed as quasi-static thermal transients with heating the inner
surface of the cylinder to 550°C while the skirt edge is kept 50°C.
The Y-piece is composed of a high-rigid portion (juncture) and a low-rigidity part
(skirt part). Interaction of both portions causes a secondary stress and a peak
stress is overlapped according to the local shape discontinuity of the juncture. The
mechanism of stress generation is common among typical structures in plant’
components such as nozzles and tubesheets.
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Fig.2.1 Y-piece structure due to thermal loading
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The materials were assumed as 304SS and various constitutive equations are
applied to investigate sensitivities of strain concentrations to them. Adopted
equations are elastic one, Ramberg-osgood type that can simply express non-
linearity of stress-strain relationship

g=0/E+Aqg (E=16200,A=1.0X10%n=3,5,7), 2.1)

Ludwik type one that can consider yield stress

o-0 ! .
E= E + { K ) } ( g > [0} » 43 p=75= n=3l5:7)r (2-2)

perfectly plastic one and bi-linear equations with two different expected strain
ranges. Temperature dependency of materlals was ignored for clear
understanding of phenomena. Strain behaviors with above constitutive equations
were calculated according to the analysis cases in Table 2.1. The analysis code is
a general-purpose nonlinear structural analysis system FINAS[4], and the mesh
model is the axi-symmetric one of Fig.2.1. '

Calculated stress-strain behaviors at the largest strain place (see Fig.2.1) were
compared on the stress-strain chart of Fig.2.2[5]. These results exhibit
dependency of strains on constitutive equations, and their strain concentration
factor K, that is defined by rafios of elastic plastic strains ¢, to -elastically
calculated ones € ¢

K, =¢,/¢, (2.3)

increases, when non-linearity of stress-strain refationship is stronger.

Table 2.1 Elastic—plastic analysis cases with various constitutive equations

Case Analysis Type Constitutive Equation Power
TE Elastic Elastic . n=1

P3 Elastic-Plastle Ramberg-Osgood n=3

P5 Elastic-Plastic Ramberg-Osgood n=5

P7 Elastic-Plastic Ramberg-Osgood n=7
PL3 Elastic-Plastic Ludwik n=
PLS Elastic-Plastic Ludwik n=5
PL7 Elastic-Plastic Ludwik n=7
PP Elastic-Plastic Perfectly plastic ©
PB3 Elastic-Plastic Bi-linear {At=0. 5%)
PEL{} Elastic-Plastic Bi-linear {At=10%)

-3 -
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Fig.2.2 Elastic—plastic behaviors under various constitutive equations

Next, sensitivities to load levels were investigated. With the fixed constitutive
equation as Ramberg-osgood type (n=5), strain behaviors were calculated for
temperature increase to 217°C(1/3 0 max), to 383°C(2/30max) and to 550 (o
max) when temperature of the edge of the skirt was kept 50C. The analysis
cases are in Table 2.2 and obtained results are shown on the stress-strain chart of
Fig.2.3[6].

The solution which corresponds to each load of 1/30 max, 2/30max and ¢ max
by the elastic plastic analysis P5 were compared with ones by elastic analysis TE
(indicated by symbol OJ). These results proved that strain concentration coefficient
K & increases when the load level is bigger.

Table 2. 2 Elastic—plastic analysis cases under different load level

Case | Analysis Type |Constitutive Fquation| Power | Loading
TE |Hlastic Blastic 15l (13900 23y T
PS5 |Hastic-Plastic |Ramberg-Osgood (165 |13 .23 i, O
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2.2. CREEP BEHAVIOR

Strain behaviors at the maximum strain portion of the Y-piece were examined,
during stress relaxation when surface of which is kept 550C and edge of the skirt
is fixed at 50C as in Fig.2.1. For investigation of sensitivities to creep strain
equations, various kinds of creep strain equations were utilized, such as Norton's
law that can simply express non-linearity of materials

¢ =Bo™ (B=5.86X10"%m=3,5,7), : (2.9

and Blackburn type equation[7]
Ec=C(-e™y+C,(1-e™)+ E, t (2.5)

which can describe detall characteristics.

The list of the analysis cases is in Table 2.3. The case of P5-C7 is the series of
elastic-plastic analysis by a plastic equation P5 and elastic-creep one by a creep
equation C7. Calculated siress relaxation behaviors for the 210,000 hours were
compared on the stress-strain chart of Fig. 2.4[5). Only a relaxation locus is
shown for the case P5-P7. From this figure, strain concentration factor K& is
increased with the progress for the stress relaxation hour, and it is proven that the
size of strain concentration factor after the 210,000 hours depends on the creep
strain equations|[8].

in the meantime, all of the relaxation processes exist on the identical relaxation
locus, regardless of the creep strain equations. Consequently, it was proven that
structures have the unique characteristics that are insensitive to the creep strain
equations.

Table 2.3 Creep analysis cases with various creep strain equations

Case Analysis Type Constitutive Equation | Power
TE Elastic Elastic n=1
C3 Elastic-Creep Norton’s Law m=3
C5 Elastic-Creep Norton’s Law m=5
c7 Elastic-Creep Norton’s Law m=7.

P5-C7 | Elastic-Plastic-Creep Rf;;i‘f;’%ﬁ;l N '::;

CBL Elastic-Creep Blackburn -
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Fig.2.4 Stress relaxation behaviors with various creep strain equations

Next is the investigation of sensitivities to load levels. With the fixed constitutive
equation as Norton’s law {(m=5), 21,000 hours stress relaxation behaviors were
calculated when the inner surface of cylinder is 217°C(1/3 0 max), is 383C(2/30
max) and is 550°C{ o max) under constant temperature 50C of the edge of the
skirt. The analysis case is in Table 2.4, and calculated stress relaxation locus is
shown in Fig.2.5[6].

From this figure, it is proven that stress relaxation quantity and strain
concentration factors K ¢ are bigger, when the load leve! is higher.

Table 2. 4 Creep analysis cases under different load levels

Case |Analysis Type |Constitutive Equation/Power |Loading

TE |Hlastic Hlastic L (18% 0028 % g, T

(5173 [Hastic-Creep [Notton'sLaw 5 {130y

C5-2/3 |Hastic-Creep {Norton's Eaw eSS (230

G5 |Bastic-Creep [Notow'slaw |75 |
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23. UNIFIED CHARACTERIZATION OF INELASTIC DEFORMATION BY RELAXATION
LOCUS

To understand the basic mechanism of strain concentration, common factors are

examined among influences of constitutive equation, of load level and of the stress
relaxation period on the strain concentration behavior by plasticity and creep.
First, it is noticed that the stress relaxation processes of the same structures are
not dependent on the creep strain equations and exist on the identical relaxation
focus, as shown in Fig.2.4. Since the locus of P5-C7 case is equal to other cases
calculated by creep analysis, there is the possibility of a common mechanism
between plastic and creep behaviors. Then, try to plot elastic plastic stress-strain
curves in Fig.2.2 with a stress relaxation curves of Fig.2.4. The result described In
'Fig.2.6 shows that the elastic plastic solutions exist on the almost equal stress
relaxation locus. It can be estimated from these results that stress relaxation locus
from a certain load means common strain concentration characteristics between
plasticity and creep, which does not depend on both constitutive equations.

350
—TE
-+~ PB5
300 —+PB10
~-PL3
~ ~PL5
% 250 -a- PL7
= —CBL
7} --P3
g 200 -~ P5
@ -+P7
L +C3
%E; 150 05
2 2 ~s-C7
g0 —, her
50 llllll-l-l-ll-l-l W IR B S RN e ) n-g-E-N - 5
0+
0 0.1 02 03 04 05 06 0.7

Equivalent strair(%)

Fig.2. 6 Comparison of elastic plastic behaviors and creep ones with vartous

constitutive equations
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Next, the effect of the load level is examined. When over-plotting elastic plastic
solutions for 3 kinds of load levels described in Fig.2.3 with ones for creep of
Fig.2.5, results becomes Fig.2.7. Stress relaxation locus at the each load level
crosses with the elastic plastic solution for the equal load level, and strain factor K
¢ Is identical for both plasticity and creep. Therefore, the load level seems to
equivalently influence on elastic plastic and creep behaviors.

350
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Fig.2. 7 Comparison of elastic plastic behaviors and creep ones under
different load levels
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2. 4. RELAXATION LOCUS REGULATED BY CHARACTERISTICS OF COMPLIANCE
CHANGE

The reason why the stress relaxation locus exhibits the common strain
concentration characteristics between plasticity and creep is investigated from a
mechanical point of view. ‘The elastic follow-up parameter g, defined by the
gradient of the line which connects the elastic analysis result on the stress-strain
chart of Fig.2.8 with the inelastic solution [7] is introduced here, in order to
quantitatively handle the stress relaxation locus. Q=1 means that strain is
constant and corresponds to a displacement-controlled condition. On the other
hand, Q=20 expresses a fixed stress and it is called a stress-controlled condition.
Usual structures have intermediate conditions with g value between 1 and oo, and

this value becomes a parameter to quantify a relaxation locus.

E (e, o,)
/ »q =

%) /
8 !
= /
[42] ,"r!

q7ly q=Y/X

;o
Y P g 0.,
Stress-Strain f_f'k—x "
curveta 7 C Cewper 0epe)
.\.\
.\\
Strain

Fip.2. 8 Strain concentration behaviors described by elastic follow—up

parameter g

Next, the characteristics of q value is examined on a two-bar model (Fig.2.9)
composed of a low rigid high stress bar (i=1) and high-rigid low stress one (i=2),
which simply explains elastic follow-up concept[2].
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A
4
A

Bar 2 a,

Fig.2. 9 Two bar model to explain elastic follow-up concept

When Norton’ law (Eq.2.4) is assumed for a creep strain equation, the g value on
the creep is deduced by an explicit equation as

1+, 71 Xa, /a, )

and it is proven to become the constant value, which depends on shape and non-
linearity of the stress-strain relationship. Stress relaxation locus of the two-bar
model becomes the straight line, because the g value means the gradient on the
stress-strain chart.

In addition, the g value can be defined for elastic plastic behaviors as same way
as creep (Fig.2.8). When assuming Ramberg-Osgood expression (Eq.2.4), we
can obtain the similar equation to Eq.2.6 for plasticity as

11 Xayla,) (Plasticity) 2.7
1+(,/1, Xa,/a,

In the case of actual structural design, the elastic region (elastic core) remains in
wall thickness, since full section plasticity is not allowed. For this case, it is
possible to consider the high-rigid low stress portion of Fig.2.9 as an elastic body.
When Bar 2 is made of an elastic body Eq.(2.6) and Eq.(2.7) become the following
same equation.

g =1+(0,71,Xa,/a,) (2.8)

Eq.(2.8) is a function only of the geometry which does not depend on constitutive

- equations. The g value has the physical meaning of the compliance

characteristics of the system, because Eq.(2.8) can be described like the following
by compliance Ci of Bar i, when Young's modulus of the material is E.



JNC TN9400 2001-007

g =1+(,/,XEa, /Ea,)
=1+C,/C,

2.9

Next, the case of the Y-piece is examined. The progress of creep strain
distribution was observed in the case which passed on the stress relaxation locus
which follows m=7 Norton’ law (C7) in Fig.2.10 with Time1~Time3.

The creep strain has been generated in low-rigidity high stress portion in the
juncture of a skirt, as shown in the upper stage of Fig.2.11 and it is proven that the
high-rigid low stress portion in the circumference remains in the elastic
conditionf[8]. From this fact, the reason why the stress relaxation locus of the Y-
piece is insensitive to constitutive equations seems to be for regulating the q value
by the compliance characteristics, because the high-rigid low stress portion is the -
elasticity condition as well as the two-bar model.

When the stress relaxation progresses from Time 1 to Time 3, the creep strain
region expands. Because redistribution of stress and strain can occur under the
constant boundary condition since the Y-piece is the statically indeterminate
structure[9). This progression of creep regime leads to change of compliance ratio
of the low-rigidity high stress portion (corresponds to C1 in Eq.(2.9)) to the high
rigid low stress portion {corresponds to C2 in Eq.(2.9)). In other words, restraint
force from the surrounded elastic region decreases.

Vary of compliance characteristic leads to change of q value that is a gradient on
the stress-strain chart. As a result, stress relaxation locus would draw the curve.

When over plotting elastic plastic solutions (Cases P3, P5, P7 in Table 2.1) with
relaxation locus of Case C7 on the stress-strain chart, P3,P5 and P7 stress-strain
curves cross in each position of relaxation locus at Time1, Time2 and Time3 as in
Fig.2.10. The lower stage of Fig.2.11 shows plastic strain distribution of P3,P5
and P7, and they are quite similar to the distribution of the creep strain at Timet,
Time2 and Time3 on the siress relaxation locus, Surrounded portions are the
elastic cores with the same configuration between plasticity and creep, which
causes the same compliance in structures. From above observations, the reason
why strain concentration characteristic is common between plasticity and creep
and is insensitive to constitutive equations is concluded with that their g value is
regulated by the compliance characteristics of the system, when the elastic region
has been left in the structures, _

In the meantime, the compliance of the Y-piece changes according to reduction
of the elastic-core during relaxation, which can not be explained by the 2 bar
model. Therefore, stress relaxation locus in the structural discontinuity becomes a
curve, while relaxation locus of the 2 bar model with the fixed q value becomes a
straight line like Fig.2.8.
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Fig.2. 11 Comparison of inelastic strain contours

The load level has also influence on the size of elastic core, which regulates the
compliance characteristics. The effect of load level for strain concentration factor
K& is analyzed from this viewpoint.
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It tried to rewrite stress-sirain curves and stress relaxation locus of Fig.2.7 for the
relationship between inelastic strain and q value as in Fig.2.12, because a size of
elastic core in high-rigid low stress portion is proportional to inelastic strain in the
low-rigid high stress portion under the monotonic loading. In this figure, the reason
why the result of P5 fluctuates in small strain region is high sensitivity of g value to
calculate error in this regime. The q values of both plasticity and creep increase
with enlargement of the load level or progress for the stress relaxation period.
Quantitatively, the relation between g value and elastic-plastic strain is similar to
one of creep strain, and characteristics after the 21 0,000 hours relaxation of the
every load level agree with characteristics of the elastic plastic for the identical
ioad level.

amax

a-a-—h 'E’
_/E'

-« P5
- C5-1/3
-+ (52/3
(5

Elastic follow=-up parameter

05

0 005 of 015 02 025 03
Equivalent inclastic strain®)

Fig.2. 12 Histories of elastic follow—up parameters

Then, creep strain distributions after the 210,000 hours stress relaxation from
three level initial stresses were compared with the corresponding plastic strain

distributions as in Fig.2.13.

In Fig.2.13, proportions of creep strain region and plastic strain one are almost the
same, and it is proven that these tendencies are similar to Fig.2.11 which shows
the change of the inelastic region according to constitutive equations and

relaxation time.
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From above study, it can be explained that the change of strain concentration
~ factor by the load level is caused from variation of compliance ration between high
and low rigid portions. Characteristics of compliance change are determined by
reduction of the elastic core in structures, as well as effects from constitutive
equations and relaxation time.
These characteristics can be evaluated by relaxation locus from the each load
level and by elastic plastic analysis with the same inelastic strain as one after
relaxation,
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Fig.2. 13 Equivalent creep and plastic strain contour
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3. INELASTIC DESIGN APPROACH USING RELAXATION LOCUS

3.1.

DESIGN PROCEDURE WITH RELAXATION LOCUS

When the elasticity region {elastic core) has been left in the structure and
inelastic regime is limited, the stress relaxation locus shows the characteristics of
compliance change, which are insensitive to constitutive equations.

Therefore, any people can obtain the same relaxation locus {characteristics of
compliance change) by siress relaxation analysis of one time using the simple
creep strain equations like Norton's law.

And, it is also possible to estimate rough characteristics from the elastic analysis
results, if it returns in regulating the compliance by the elasticity region[10].

However, attention is necessary on full inelastic deformation without elastic core,
the g values of which are characterized by Eq.(2.6) or Eq.(2.7) and strongly
depend on constitutive equations.

It is possible to predict the strain concentration behavior using characteristics of
compliance change obtained by the next graphical solution (Fig.3.1), when the
elasticity nucleus has been left.

{ Step 1)
When the load level is regulated, calculate the stress relaxation locus
(characteristics of compliance change) by relaxation creep analysis from this load.
If the load level is undecided, evaluate characteristics of the every [oad level by
connecting relaxation locus from multiple initial stress or multiple elastic plastic
solution for the identical load level.

(Step 2)

Obtain the inelastic solution by the intersection point between stress relaxation
locus, which shows compliance characteristics and material stress-strain curve.

The elastic plastic solution of certain temperature is obtained here, if monotonic
curve of the same temperature is used as stress-strain curve. And it is possible to
evaluate strain range and initial stress of relaxation required for the creep-fatigue
evaluation, if relationship of stress range - strain range would be utilized.

Furthermore, they may be able to simply predict the time history of stress
relaxation by using isochronous stress-strain curves [11], which are made from the
creep test results of various stresses under constant temperature and fixed time

by the procedure of Fig.3.2.
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Step 1 : Evaluate characteristics of compliance change

Relaxation analysis
from various initial stresses

Stress

¥ Elastic plastic analysis
with various stress-sirain curves

¢

Strain

Step 2 ; Get cross point of relaxation locus and stress-strain curves

Characteristics of compliance change

i (Relaxation locus)

@ Intiakstress of relaxation

Stress

@ Cyplic stress-pirghf urve's N (D) Etastic plastic strain

- -7
- -
(® Mongtonic styéss-strdin curve
’

/
’

[€)) Brioys-StEss-strain

"

(3 History of stress relazation

Strain

Fig.3. 1 Simplified inelastic analysis based on compliance characteristics

It is possible to widely foresee the effect of load condition and material property
in this method, even if analytic work is not repeated. Still, characteristics of
compliance change explain structural stabi'li'ty from local strain concentration to
gross secondary stress redistribution [12] by them. It can be utilized for stress
categorization [13] and for optimum inelastic design by restricting structural

compliance (Fig.3.3)[14].
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Fig.3. 2 Isochronous stress—strain curves [11]
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Fig.3. 3 Optimum design considering inelastic behaviors
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3.2.

QUANTIFICATION OF RELAXATION LOCUS BY INELASTIC ANALYSIS

When the load level is regulated, one of the simplest way to get relazation locus
is relaxation analysis with Nortor’law. Power of eauation is required to be larger
than actual materials with operation temperature to get locuses with sufficient
ranges. Relaxation time is also required to be longer than service period.
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3.3. QUANTIFICATION OF RELAXATION LOCUS BY ELASTIC FOLLOW-UP MODEL

Elastic core in the structural wall acts important roll on compriance characteristics
which regulate the elastic-follow factor g. So that 2 bar model shown in Fig.2.9
was extended for considering the elastic core in the wall[101.

When observing strain distribution in the Y-piece (Fig.3.4), the inelastic region
coexists with the elastic core which constraints the former in the same wall section.
Some part of structural wall yielfs earyler than remaing parts, since there exist a
bending stress and peak stress caused by local strain concentration.

For the first order approximation, the beam model is assumed for considering
bending stress as in Fig.3.4. Here, a consideration of peak stress is a future
discussion. In the second step, the beam model is replaced by the 3 bar model
shown in Fig.3.4, which can consider both membrane and bending stresses. in
this model, bar 1 corresponds to the inelastic region, bar 2 is a region where all of
the section is elastic and bar 3 expresses the elastic core in the same wall section
as bar 1.



JNC TN9400 2001-007

FIaRs
EQLTvSLENT CREEP STRAIN
G mre
i baee Elastic-Plastie>
4 W EO-0d
8 4. 2I0-C
3
3 2EERL
0 9.L10-0d
Elastic egion j
@)
=z
L.» S
GYTEPfND 43
MODELS (VEC) EQ.CHEEP STRATN CONTCOLR
P+Q
. P+O
—
(b) o .
Plastic region
(c) >

Y

Fig.3. 4 Elastic follow—up model for bar 1 considering elastic core



JNC TN9400 2001-007

Elastic follow-up parameter q of bar 1 to both bar 2 and bar 3 is evaluated.

In Fig.3.4, equations of equilibrium and compatibility are

)

1

Le + L,e,,

™
i

Lye, + Lye; and

a,0, ta,0; = a,0,.

(3.1)

(3.2)

(3.3)

Since bar1 corresponds to plastic region and bar 2 and bar 3 are elastic, their

constitutive equations are
g =0,/ E +Aag,
& =0,/ E, and

& =0,/ E;.

(3.4)

(3.5)

(3.6)

From Egs.(3.1) ~ (3.6), the elastic follow-up parameter q of bar 1 can be

introduced as

1+ Eq /Ezaz " E,a, /Ezaz V 1+G1+G3
g-o,/E _ L L, L, L, ). G,

qz

&, ~ 0,/ E, 1+ Eya, / E,a, 1+ 2
L, L, 2

where G, = -EL—“ is stiffness of bar .

¢

(3.7)

Here, there is the next relation between bar 1 and bar 3 under elastic condition.

Lo, = L 30 3.
If low rigid part become full plastic condition, Eq.(3.6) becomes
&, =0,/ Ey + A;05"

and Elastic follow-up parameter q of bar 1 is

(3.8)

(3.9)
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G +
9o =1+1_.93_ (3.10)

2

that is the special case of Eq.(3.7).
Since usual structures have a constant Young's modulus and E;=E;=Es=E,
Eq.(3.7) becomes,

1+(&IEI_]+(EZ_I£’;]
DD CIECY (3.11)
WA
Ly | a,
Next, characteristics of Eq.(3.11) is investigated. Fundamental parameters of
this equation are such stiffness ratios as (G+Gs)/Gz and G4/Gs.
Relation of q to Gy/Gz under the constant (Gi+G3)/G; was evaluated and is

shown in the next figure. q increases when G1/G2 becomes larger. it means that
the elastic follow-up parameter increases when the plastic regime expands in the

9g

wall thickness.

4.5 [ [ [

G

o
tn

Elastic Follow-up Parameter q
[

1 ‘“!ff} = ; Barl
0.5 Bar2
0 | | -
0 0.5 1 1.5 2 2.5 3

G,/G,

Fig.3. 5 Elastic follow—up parameter for redistribution of secondary stress (1)
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Relation of q to (G1+Ga)/G; under the constant G4/G, was evaluated and is
shown in the next figure. q decreases when (G;+G3)/G. becomes larger.

4.5
&)

4 U
o
T 3.5
g
E 3
o]
&
& 25
=
= 2
E 1.5 :
E .1 """'n:h-%
3!
= Barl
8 0.5 Bar2 i =
= 0 Bar3 i

0 2 4 6 8 10

(G,+G)/G,

Fig.3. 6 Elastic follow~up parameter for redistribution of secondary stress (2)

Inelastic and elastic regions can be roughly distinguished by elastic analysis.
Some ideas have been proposed, which are based on yield stress [3][10].
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4. CONCLUSIONS

On strain concentration of the structural discontinuities by the plasticity and creep, the
followings were clarified.

(1) Though a strain concentration factor is dependent on each factor of constitutive
equation, load level and of the stress relaxation time, stress and strain exist on the
unigue relaxation locus of the structure.

(2) The stress relaxation locus is insensitive to the constitutive equations, since
compliance characteristics of the elastic region restrict stress and strain redistribution.
(3) The compliance characteristics of the system changes by reduction of the elastic
region according to progress of the stress relaxation. As a result, the stress relaxation
locus in the structure discontinuity becomes a curve., '

(4) By utilizing insensitivity of compliance characteristics to constitutive equations, the
evaluation method of strain concentration was proposed using its characteristics and
stress-strain curves of materials. In this method, the difference of the solution by the
evaluation person is small, and it is possible to easily evaluate the effect of load and
material,
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5. DISCUSSIONS ON APPLICATION TO PIPING DESIGN

5.1, JNC FEASIBILITY STUDY ON COMMERCIALIZED FBR

JNC has cooperated with electric companies and other related organizations to
study feasibility on commercialized fast reactor cycle systems from 1999 [15]. In
the Phase | activity, candidate reactors to achieve requirements were selected.
One of them is sodium cooling loop type reactor with a three dimensional seismic
isolation system and two main loops. Furthermore, there are two variations in this
reactor as a top entry type (Fig.5.1) and a side entry type (Fig.5.2).

15.6m

s12m \ i

t
=R
L

——

]
!__-\

i

|

A

17.0m
L
ii T

; !
N 2 loops
\ 3 D seismic isolation

Fig.5. 1 Top entry loop type reactor
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Fig.h. 2 Side entry loop type reactor

The top entry type was proposed to avoid thermal expansidn stress of primary
pipes and new R&Ds are necessary. Side entry type can achieve the simplest
reactor vessel and requires the minimum R&Ds since it is the same type as Monju.

The difficulty of the side entry type is the structural integrity of hot leg pipe which
can not satisfy the conventional creep-fatigue limit.
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5.2.

STRATEGY TO OPTIMIZE PIPING SYSTEMS AGAINST SECONDARY STRESS

Adoption of three-dimensional isolation system allows free designs from the
primary stress and the main load become secondary stress caused from thermal
loads. Here, strategy of optimum design with utilizing characteristics of secondary
stress is discussed to achieve a simple hot leg piping system for the side entry
reactor.

Against secondary stress, strain limit criteria may be suitable than stress one and
efforts are made to incorporate it in design codes [16]. If the strain limit is
introduced, allowable design area will be remarkably extended for displacement-
controlled structures (stable structures}) like the next figure.

1000MPa " Primary stress

Strusture with

smal| elastic follow-up
500MPa  [———

Structure with
large elastic follow—up

Secondary stress

Strain limit

Fig.5. 3 Allowable design area for secondary stress with strain limit

Conventional design parameters of the hot leg pipe system are pipe length and
fiexibility of 2 elbows. If we can ignore the primary stress, other design options are
possible such as 2 flexible nozzles and continuous flexible pipes (organic design)

as in the next figure.
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Flexible elbow

Normal case

Organic design

Flexible elbow + flexible nozzle

Fig.5. 4 Variations of piping layouts
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Evaluation methods of elastic follow-up in pipes have been surveyed by Boyle
and Nakamura [17][18]. As a typical method, Kachanov's one is based on the
assumption that the local stresses will relax in proportion from their initial elastic
values ; that is, all stresses will relax in proportion from their initial elastic values
[19]. Dhalla proposed the other method based on reduced modulus, This method
focuses on the weakest part in a system and evaluates its strain by reducing
elastic modulus of this part [20][21].

France has developed class1 piping design rule for RCC-MR code with applying
Kachanov's method, and they have the policy that the elastic follow-up is
minimized [22][23]['241. Japan has proposed design procedure of piping by
simplified inelastic analysis [25], which has not the sense of optimization.

Above methods can work well when other parts than the weakest part remain in
the elastic condition. If more than two parts become inelastic conditions,
interaction occurs among them. For example, the hot leg pipe with 2 elbows and 2
nozzles has different interaction modes as in the next figure.

Moment,

Moment
Moment

Angle
Angle
Unstable piping system

Fig.5. 5 Optimum design with considering interaction among devices
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Dhalla's method considering one inelastic portion is obviously unconservative for
the below case in Fig.5.5. On the other hand, if we can positively utilize this
interaction and achieve the above case. This becomes the optimum design
considering the characteristics of secondary stress. When both stress and
characteristics of compliance change described by the relaxation locus will be
taken info account, there is a possibly to get optimum design considering
secondary stress.
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