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Absract. The problem of non-linear stress analysis of cregpiginforced pipes under
constant pressure has been treated in a recent Miprkn the present work, a damage
accumulation analysis of the above problem is gitethtaking into account the non-linear
distribution of the stresses as well as non-lirtganage accumulation under variable pressure
and/or temperature conditions. For the stress aisadynon-linear differential equation is used
to derive the stress concentration in critical tmees of power pipes reinforced by rigid rings
which are distributed along their axis. Due to sieped temperature and internal pressure of
the pipe, the damage accumulation is predicted diygua damage function specified with
respect to damage parameter derived by the stessis/ Larson-Miller coefficient curve.
Advantages of the proposed methodology are:
(a) the 2-D creep stress analysis incorporates amécdl behaviours of material derived by
uniaxial tests,
(b) the predicted damage accumulation due to tm@hla pressure takes into account the
previous damage history as well as the loadingraetfect.

1. Introduction

The service conditions of pressure pipes in powentpl often incorporate high
temperature and step-wised variable pressure. Torpe life-time prediction due to these
creep-fatigue interaction phenomena two stagesld@Hmai followed: (a) non-linear (due to
creep) stress analysis of the pressure pipes, Bhdngn-linear damage accumulation
prediction. Concerning the first stage, to perfastress analysis for biaxial loading of the
creeping walls of a pressure pipe, a non-lineadiogntheory will be used. Due to a non-
linearity in the material behaviour the correspogdboundary-value problem results in a
sixth-order no-linear differential equation whiclfter phenomenological simplifications and
mathematical treatment -is reduced to a fourth orda-linear one. Because of the lack of
analytical solution, this non-linear ODE is solveging the finite differences method (F.D.M).
The derived stress field is associated by the degperydof the internal pressure by the time.
Due to the superposition of high temperature whih Yariable step-wised stress conditions,
creep-fatigue interaction phenomena are takingepl@be total damage can be considered to
be equal to the sum of the damage increments ameing to each individual loading step.
Failure occurs when the total accumulated damagehes a critical value. The prediction of
accumulated damage through above concept pre-asdimmeselection of a suitable damage
function. A large number [2-5] of damage accumolatimodels have been published,
recognising as damage functions sensitive matprigberties or internal stress or inelastic
strain parameters resulting in more or less sutelde-time prediction. However, most of
them are limited for constant uniaxial loading aethperature conditions. In the present
work, the use of a recent non-linear creep-fatigamage accumulation rule developed by
Pavlou [6], incorporating parameters of constanéss and temperature creep tests, is
attempted for the prediction of the remaining 6fea step-wised loaded reinforced pipe under
high temperature.
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2. Formulation of the problem

An axisymetric thin-walled pipe reinforced by rigithgs (Fig. 1) is considered to be
loaded with step-wised internal pressure under Higimperature. The rigid rings are
considered to be periodically distributed alongpipe while the distance between the rings is
L. The boundary conditions of the problem can bersansed as follows:

w(0) =0 (1)
w(L) =0 (2)
w'(0)=0 3)
w(L)=0 (4)
w(L/2)=0 (5)
w(a) =w(L - a), O<ac<lL (6)
w(a)=-w(L -a), O<a<lL (7)

In above equations the magnitudesand w’ denote the radial displacement and its
derivative with respect .
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Figure 1. Geometry and
coordination system of the pipe
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3. Material behaviour

Due to the high temperature condition the relabetween the stress and strain can be
described by a creep law. Because of the shorbghei the primary and tertiary creep, the
stress analysis will be performed with the aidle# tvell known Norton-Bailey steady state
creep rule:

de _ -Q, / RgT n
E = Ae g (8)

Wheree is the straing is the stress] is the temperatur€). is the activation energy for
creep (J/mole)Ry is the universal gas constant (8.31 J/mole K)Andare material constants
derived by uniaxial creep tests.

4. Stress analysis

To perform stress analysis of the pressure pipe showig. 1, the equilibrium of a
longitudinal strip of length L and unit width ismsidered (Fig. 2). It is well known [7] that

E=yw' (9)

Considering the Norton-Bailey rule given by the E8), the above equation can be
written:

Q. /R, T .

Ae /Rl 50y = w (10)
Let

Ae &/RT =g (11)
Then Eq.(10) can be written:

w" 1/n
/n
g=| —
(Bt] y' (12)

Combination of the above equation with the follogviaquilibrium condition for the
bending moment M

M = J‘ yodF (13)
F
results to the equation:
J n1/n
M= (w'

WherelJ is given by:

1

i+1

= n

J Iy dF (15)
F
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Figure 2: Equilibrium of
a wall's material strip

With the aid of Eq. (14), the following equilibriueguation

_d°Mm
dx2 (16)
can be written:
1
J/n —1
1 n (NN] l:
@on| T T (17)

whereq is the distributed load due to the action of thtennal pressurg** and the reaction
g* of the wall resistance:

q=q**-q* (18)
It has been proved [1] that
o* * = 27RAY) (19)

and
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where P(t) is the internal pressure and s the tvalkness.
Combining the Egs. (17)—(20) the following non-anelifferential equation is resulted:

1

=1
@/ wn w +(2775R_1/n)/v1/n = 27RR (BYL/" 1)

Linearizing the non-linear reactiagqt by the simulation of the real wall strip with a
substitute one that accumulates the same strang\efi the following simplification of the
Eqg. (21) can be achieved:

g™ +Bg" =0 (22)
where
g=(w)Hn 23)
and
n 4ms =°
= —~Zgn 24
B -y RJgf (24)

In Eq. (24), & denotes the material’s tensile ductility. Takingp account the Eq. (23),
the boundary conditions given by the Egs. (1) ~¢@h be written:

g"@)=m (25)

g"(L)=m (26)

9" (©0)=0 (27)

g"(L)=0 (28)

g"(L/2)=0 (29)

g"(a)=-g""(L-a), O<a<lL (30)
where

_ 27RPA(t)(BYY "
m= J (31)

5. Damage accumulation

The damage accumulation of a metal subjected tetanhstress can be described with
an experimental curve relating the loading parameteT with the life through the Larson —
Miller parameter [8]:

P =T(C +logt¢) (32)

where C is a constant coefficient independent feoamdT for a wide variety of metals. The
above curve can be approximated by a straight (Fig. 3). At each point along the
log(c)-P; curve, creep failure occurs after loading timé&herefore, the log)-P; curve is an

isodamage line corresponding to damage state 100%an be postulated [6] that the
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accumulated damage of a material subjected tongazbnditionss, T for time t <t should
be defined as:

_ tang
tan&s (33)

where®; is the slope of an isodamage line @&nds the slope of the logf—F line (Fig. 4).
Then, the damage function D has two end values: \B€h6,=0 (undamaged state) and D=1
when 0i=0; (creep failure). Following above concept it hasrbeproved [6] that the
corresponding damage accumulation rule has thewolg form:

q O34 -1k
q 23
gt t t t
1 +_2 +_3 +...+_k_:L +—k:1
tf1 tf2 tf3 tfk—l tfk (34)
where
Ok1k = Tk-1109(0k / ge)
Ty log(ok—1/ 0¢) (35)
andoe is a fitting parameter derived by short two-staggep-fatigue tests.
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Figure 3: Stress versus Larson Miller Figure 4.
parameter schematic diagram

6. Numerical example

A pipe with geometrical parameters L=9.5m, R=0.2&md s=7mm can be considered
to be loaded by the two stage loading. The usedenmaatfor the pipe is the steel
X8CrNiMoNb1616. For this material the Norton — Bgilparameters have been obtained by
the ref. [9] and take the values n=6.43 and B=3188% (for A=3.5x10" h?,
Q=260 KJ/mole, B=8.314 J/mole.grad, T=973 K). In table 1 are sunmedrthe two types
of stress histories of the external surface ofsention x=L/2: (a) H-L type where the stress of
the first loading stage is grater than the strésheosecond one (i.e;>c2), and (b) L-H type
with the opposite load sequence (i@>c1). According to the ref. [6] the corresponding
damage accumulation rule have the following form:

T,Log(o, / p)
_tg |T2Log(o1/p) L2
tf1 L2
where p=184.93 MPa anddT,=973 K.

(36)
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Table 1: Two-stage loading data

H-L L-H

O1 (M Pa) G2 (MPa) O1 (M Pa) G2 (MPa)

Case 1 170 150 150 170
Case 2 150 130 130 150
Case 3 130 110 110 130

Let the consumed life/t;; for each case ig/t;=0.2, 0.4, 0.6, 0.8. Then, with the aid of
the Table 1 and the Eq. (36), the results showkign5(a),(b),(c) can be obtained. This figure
demonstrates that the damage is accumulated neadyn In contrast with the well known
Robinson’s rule which assumes that

b, 2
te1 tf2

-1 (37)

above results indicated that
t—l + —t2 <1

tfp tfo (38)

for the L-H loading types, while
t_l + t_2 >1

tfp tfo (39)

for H-L. This means that a linear consideration ddmage accumulation (Eq. (37))
overestimates the remaining life for the L-H typéile provides conservative predictions
with the H-L. This conclusion is in accordance withe non-linear evolution of creep
mechanisms. Especially, the deviation by the lineaslution is increased when the ratio
ol/62 decreased for the H-L loading type and increésethe L-H.
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Figure 5: Presentation of isodamage lines

A non-linear stress analysis have been perfornied the description of the

stress/displacement field of a reinforced pipe umdastant creep conditions.

A non-linear damage accumulation model have hesex for creep-life prediction of a

pipe under variable creep conditions.

An example of remaining life prediction for aesgic point of a pipe subjected in two-

stage loading have been treated. To this end, dadirhg types has been examined: (a)
the L-H loading type where the stress level offttet stage is lower than the stress stage
of the second level, and (b) the H-L loading typthwpposite sequence.

The predictions for the L-H type indicated tlthe sum of the consumed and the

remaining normalized lifetts +to/tr is lower than the unity while for the H-L type the
corresponding sum is greater than unity. Furtheemtine deviation of the predicted
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damage accumulation by the linear evolution is éased when the ratiosi/c, is
decreased for the H-L loading type and increasethfoL-H.
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