Strength of Tubular Samples and Tubular Cracked Junction
Under Combined Loads
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The strength of tubular sample loaded by only one load or simultaneously with several loads is analyzed.
Critical stresses and critical loading parameters were introduced and discussed in the case of nonlinear
power law behavior. On the basis of principle of critical energy egs. for superposition of loading effects have
been obtained. The influence of deterioration due the cracks has been introduced. The obtained theoretical
results were applied to tubular branch junctions and verified against data from literature.
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critical energy

Pressure equipment and pipes, as well as tubular
nozzles, often are simultaneous loaded by internal pressure,
axial force, bending moment and torsional moment.
Tubular nozzles of pressure equipment may be:
perpendicular, inclined, oblique or tangential to the shell
surface. In the junction area between nozzle and shell the
stresses often exceed the yield stress. At stresses below
the yield stress the superposition of stresses due to different
loads may be done by algebraic summation. If the stress
exceed the yield stress one can not use the algebraic
summation. In this case the principle of critical energy
(PCE) must be used [1; 2]. In correlation with this principle
one uses critical values of forces, bending moments,
stresses etc.

In general, the critical stress, as well as the critical
parameter (pressure, axial force, bending moment etc.) is
that value of stress or of parameter that determines the
taking out of use or the destruction of a sample or a
mechanical structure. The value of critical stress or
parameter can be chosen; for example the value which
determines the yielding of material (corresponding to yield
stress) or the value which determines the failure
(corresponding to ultimate stress). The critical stress or
critical parameter is marked by subscript cr. For example
o, is the critical stress, F_is the critical axial force etc.

Until recently, strength ‘calculation of structures static
loaded refers to materials with linear - elastic behavior.
Components and structures are usually calculated and
constructed according to stress principles: the equivalent
stress must be less or equal to an allowable value. But
many mechanical structures undergo defects or cracks,
as well as welding residual stresses. The problem is how
to calculate the mechanical structures taking into account:
- the influence of cracks and residual stresses; - the
nonlinear behaviour when stress is higher the yield stress.

A first way consists in resort to the principle of critical
energy [1; 2] which introduces the concept of specific
energy participation (the energy of a unit volume, J / m? or
of a unit mass J/kg).

Inthe case of fatigue loading it was found experimentally
that when specimens without cracks (fig. 1) are under
load, fatigue strength begins to decrease after a number of
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cycles N > N, while at specimens with cracks, fatigue
strength begms to decrease at N > N* , where N¥ < N..
One can see that when N < N* |, the critical crack
lengtha_ is constant, while when N > N*__, the crack will
increase contmuously with an mcreasmg number of load
cycles [3]. In the case of the materials under study (fig. 1),
the fatigue strength begins to decrease when the number
of cycles exceeds N, = 1000 in specimens without cracks

and down to N* = '100...300 cycles in specimens with
cracks. When N < N, and at N < N* , rupture is essentially
quasi-static.
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Fig. 1. Fatigue curve for test specimens without cracks (1) and with
cracks (2) from aluminum allois [3]: A20-1 (a) and AIMgé6 (b). Curve
3 refers to the crack half-critical length ¢ |

Critical stresses and critical loads

We consider the nonlinear, power law, behavior of the
material, under normal stress, ¢, and shear stress, T, given
by the egs.,

k.
c=M;-€";

T=M;- yk

where ¢ is the strain; y is the shear strain; M_,M , k andk
are material constants.

M
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In recent works [4-6] on the basis of the principle of
critical energy there have been proposed the following
relations for critical stresses of tubular specimens with
cracks:

Ser(aic) =0 -[1- Dlagse)]™
1

Ter (a;c)= Ter [I-D(a.,;c)]m > @

where the total deterioration D(a c) depends on the crack
depth a = a_ and the crack length 2c in the direction
perpendlcular to the direction of the normal stress G, while
deterioration D(a c) depends on the depth of the crack a
= a_and the crack length 2c in the direction of shear
stress .

The relationships proposed in the literature [7-9] foryield
loading in tubular cylindrical specimens with cracks,
generally can be written as in eq. (2), namely

Yy, =Y, -[1- (D(asc))], 3)
where Y, is the limit load of the cracked tubular specimen;
Y is the limit load of the crackless tubular specimen and
o = o, =0.

Based on this relatlonshlp, yield loads in tubular
specimens with cracks (F ;M. ; p,) were written in table 1
as a product of the y1eldL loa& of the specimen without
cracks (Fy; Mby; py) and a bracket comprising damage

D(a; c). The last column lists the constant from damage
expressions resulting from papers [7+9].

To see the effect of crack location, for the external
cracks, one uses the outer radius, R,, instead of mean
radius, R , when calculate the limit loadmgs F oM andp.
For thin walled cylinders the results are approx1mately the
same; the effect of crack location is not significant for
shorter cracks (smaller values of 8 / 1t ) [7].

On the basis of Morozov's criterion of rupture for cracked
sample [10;11] at 6 < o, one may write,

Ocr (a;c)= Ocr '(l _c/ccr)o5 s 4

where D(c) = ¢/ c_ with 2c the length of the crack and
2c,, its critical value. In this case o = 1.

1m11arly, on the basis of Andreikiv criterion [12], the
following failure criterion was written,

Ecr (C =& [1 - (C/Ccr )m P/’" > ®)
where € (c) and €_ are the effective and the critical
strain, while m is an exponent determined experimentally.

The empirical relations (4) and (5) are similar to
theoretical relation (2).

Structure strength calculation based on allowable
stresses

a. Classical strength calculation methods currently used
in official norms are deterministic methods and are based
on the condition,

Ocg <0ais (6)

No. Eq. of limit load of
cracked tubular
specimen, under a
single load

Eq. for deterioration

Constants

PR = 0 eo)

8) 83’
A} =0.0662—0.038 1—0.96 2
T T

) g2
Aoy =—0.0598 1 .szs(fj +1 .4267(“}
T T

Fy=2-n-Rp-t-oy

My, =
=My, -[1- (D, (a:0))]

=0.0741 —0.1693[§J
o

B, =-0.0863-1. 0127(ﬁ]

3 | pL=py - [1-(D3(ac))]

+ | pL=py [1-(D4lac))]

Table 1
y =lr2 -t)oy. EQS. FOR YIELD LOADS IN
iy TUBULAR SPECIMENS WITH
Py =Sy CRACKS [7+9] WRITTEN AS
INEQ (3)
2 0t
PY=AR, Y

C, =0.0462—0.0589-p—0.013-p>

.
\}1+0.34-p-f:+1.34.p2‘t1

. 2 Cy =0.0395-0.3413-p+0.0652- p>
s | pu=ry B 05l | Dsee)=| o 2ecs (2] 1
t Py =50y
m
p=c/1lRm -t
Dglaic)=
) 2t
5| pL=py-[1-(Dsfasc))] a 1 Py =7 G)
=12 N

(D7 (o))

7| pL=pyfi-

oiet={o o (]

D; =—0.1429+0.134-p—0.043-p?

D, =O‘1587-0.5928-p+0.113I~p2
t

=G
Py R, Y
p:C/VRm -t
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where ¢_is the equivalent stress, calculated by using a
strength ttleory (Tresca orvon Mlses theory). The allowable
stress in this case 6, = 6_/ c_, where c_ > 1s the safety
coefficient.

On principle, this method of strength calculation can be
applied to structures with cracks, too. The strength
requirement for a structure with cracks may be written as,

g <04 (asc), ™

where o (a;c) is the allowable stress of the cracked
spec1men

Oal (a;c) =O¢r (a;c)/cc >
where o_(a;c) results from the first eq. (2).

b. The calculation method based on the principle of
critical energy shows that the loading state must meet the
condition [6],

P; <Py, ®)
where the total participation versus the allowable state
has the expression,

o a+l . a;+1
P;:Z(_MJ '8°’+Z(Tj. AN

[Gal'

where 6, =06 _/c_ andt =71 /C are the allowable
stresses of uncracked spec1mer1 ‘While c.>1;c >1are
the safety coefficients with respect to the normal and shear
stress, respectively.

The allowable participation, P_, is given by the eq. [6],

al’
P, =1-Dj - Pk, (10)

where D* (t) is the total damage with respect to the
allowable state and P* _ isthe specific energy participation
corresponding to the Tesidual stress, with respect to the
allowable state.

Strength of tubular sample

In practice, piping systems as well as pressure
equipment with nozzles, are always subjected to combined
pressure and system loadings (bending moment, torsional
moment, forces. . ), thus the studies need to be carried out
of combined loading; it needs often to consider the
superposition of the deteriorations due to cracks.

Un-cracked tubular structures. General case

Consider a certain structure whose material behaves
according to relations (1). Under a group of loads such as
F(i=1;2; 3 ... n), the total participation of specific energies
mtroduced into the structure material is written as [1],

a+l
Pr = Z( } B, (11

where F . is the critical value of the generalized load F,
while 6 = 1ifF, acts in the direction of the process and 6
= -1, if it opposes the evolution of the process.

The critical state is reached when,

Pr =P, (t), (12)

where the critical participation, a dimensionless variable,
is given by the eq.,

P

cr( ) cr(O) DT(’)

res * (13)
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For crackless structures and no residual stresses P_ (t)
= P_(0) such as, in this case, the group of static loads
becomes critical 1f

Z( )(Hl XJa _Pcr(o) (14)

If a tubular speamen is under loads p, F and M, (fig. 2)
eq. (14) becomes,

o+l F o o+l
( p ) +[__] OF +{ Mp ) -8y =Pcr(0)’ (15)

Per F Mb,cr

cr

where 5, =1 in the section where M, causes elongation
and §,_=-1in the section where M, progiuces compression,
S, = {ifF produces elongation and 8, = -1if F produces
compressmn

M, -~ M,

Fig. 2.Tubular specimen loaded with internal pressure, p, axial
force, F, and bending moment M,

In interpreting the experimental data, in general, one
can see that P_(0) # 1 is a random value. Consequently,
the critical group is not a single value but a stochastic
distribution between P (0) and P_ (0), depending
on the probability of strucfure material fafftire. These justify
the scatter of experimental data. Several test points ma
be outside the upper (P_  (0)) and lower (P___ (0)
bounds. This may be caused by inaccuracy of Material
property and experimental measurement. Therefore, one
can conclude that the proposed criterion (15) for critical
group of loads is an effective criterion for the fracture of
defect - free tubular sample. It can be used in the
engineering design and integrity assessment of tubular
sample.

In the case of simultaneous loading with internal
pressure and bending moment eq. (15) becomes,

wrl o et
(_P_j +(“A/[_b} By = Pcr(o)’ (16)
Per \Mbcr

For linear-elastic loading (6, <o ) oa=1/k=1.Ifone
adds to the above P_(0)=1, correspondmg to the use of
deterministic values of the mechanical characteristics,
then relationship (16) becomes,

2 \2
M
tp]{lb =t a7
\ Per jub,cr

This relationship was obtained experimentally [13] with
tube specimens made from carbon steel (St 20) and
austenitic steel (12X18H10T).

Equation (17) has been proposed for calculating the
resistance of pipes featuring 8 =R, /R, <3, simultaneously
loaded with internal pressure p and Bendmg moment M,
[13]. For critical parameters the following relations have
been proposed [14]

2

Per =—=-602 - Inf;

s } (1)
*Mb,cr =2-6¢93 Ss.

which is the yield pressure and the yield bending moment,

respectively. Stress o, o, is the yield stress

corresponding to a residual stram of 0.2% while S_is the

static moment of the section area.
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Strength of tubular branch junction

In many practical cases the tubular joints welds are
susceptible to crack formation because the nozzle - vessels
junction often experience mixed mode loading (fig. 3).
Consequently the strength is affected by the cracks.

Fig. 3. Tubular
junction: 1 - run pipe;
2 - branch pipe;

3 - weld;

a, b, c - cracks

The state of a cracked tubular joint subjected to internal
pressure, p, bending moment, M , torsion moment, M,
tension force, F, becomes critical if eq. (12) is fulﬁllecf

namely,
o+l a+l
Per Fop

M o+1 M a; +1
b :
8 =2,.().
+( MW) M +[ MW} o (1) (19)

In the case of internal pressure and bending moment
loading, neglecting the residual stress influence, and
limiting the maximum stress to the value of yield stress
(whenk = 1and oo = 1/k = 1), eq. (19) becomes,

2 2
b4 My | _
T el R

where P _(t) =P_(0) - D.(1).

Ignormg the déterioration will lead to overestimation the
resistance of the branch junction.

In the cases when the critical loads are deterministic

values (P_(0)=1),

P, (t)=1-Dr(¢) 21

One uses egs. (20) and (21) to evaluate the results obtain
in the papers [15+18].

In the paper [15] a branch junction were used (fig. 4),
which had a branch/run pipe mean diameter ratior /R =

i Flank Npower
; weld toe

Ry =03(Ry +Ra)
Py =05 =m}

Fig. 4. Branch junction geometry: 1 - run pipe; 2 - branch pipe;
3 - weld
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0.5, a thickness ratiot / T = 1.0 and diameter/thickness
ratlo 2R /T =20.

Through -wall cracks were considered (T = t) with an
angular extension 23 [15; 16]. The critical loads were
assumed the limit loads, corresponding to yield stress.

For uncracked model (D,(t) = 0) the interaction diagram
is a circle with the radius W =1(fig. 5).

If 2B > 0 then D (t) > 0 and eq. (20) describes circles
with the radius \/—(’5<1 (fig. 5). For 2 = 49° results a
circle with the radius /7., () = 0.957. For 28 = 95° results a
circle with the radius /7,,() = 0.883, while for 28 = 140°

results a circle with the radius /7, () = 0.s.

1.0
JP,{t)=10

P, (t)=0957

064 JB,(£)=0.883

Pcr(’)zo-s

.0 . . .
00 02 04 06 08 10
Myo/Mso),
Fig. 5. Interaction diagram for combined pressure and bending
moment loading of branch junction for 2Rm = 20; r_/Rm = 0.5;
t = T (through wall crack): o uncracked;® 23 = 49°; m 23 = 959
A 2B = 140° [15;16]

Similar results were obtained for 2R_/T = 10 and 30
and withr /R =095 [17].

The paper [18] describes the effect of cracks on the
limit loads of a branch junction under combined pressure
and bending to the branch pipe and, separate, to the run
?fi"pe'zl {wo branch components were considered, namely

18
- large bore with R_= 244.5 mm; T = 31.8 mm; r _ =
154 mm; t = 15.9 mm.
- medium bore with R =2225mm; T =20mm;r_ =
59.5 mm; t = 8§ mm.

For un-cracked branch junction under combined
pressure and bending to the branch piping, the interaction
curve (p/p,, versus Mb/M .J) is circular, given by eq. (20)

with D (t) = 0
2 v 2
A Y N R
[pcr) +[Mh,cr] @2)

For through-wall crack, a = T, with the crack located on
the crotch in the lower weld toe (fig. 4), with relative length
o/ < 0.5 the circular interaction results as in figure 6;

) ekt is described by eqs. (20) and (21) where D.(t) = D(a, oc)

is the detenoratlon due to crack. The c1rcles are of radius
JP. () = 1 - D(a; ), inboth cases: large bore (fig. 6, a) and
medium bore (flg 6, b). One can see that the points
obtained in [18] fits with eq. (20) for /7., (r) =0.8 and 0.9

in the case of large bore branch pipe and for P, (t)=0.84
and 0.92 in the case of medium bore branch pipe. Because
/P, () for medium bore, for the same . / , is higher than

for large bore, one may conclude: the medium bore
junction has a higher strength then the large bore junction.
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Conclusions

One analysis the critical stresses and critical loadings
for specimens without and with cracks. On this basis
strength calculation methods are proposed:

- the classical method based on the equivalent stress;

- the method based on the principle of critical energy.

The concept of specific energy introduced by principle
of critical energy is used for strength evaluation of: - tubular
sample loaded by internal pressure, axial force and bending
moment; - tubular branch junction loaded by internal
pressure, bending moment, axial force and torsional
moment.

The analytical egs. obtained on the basis of principle of
critical energy were verified against data from literature
for cracked branch junctions. The theoretical results are in
good agreement with the data reported in literature.
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