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1. Introduction

A great number of welded joints show higher or
lower heterogeneity of mechanical properties of their sepa-
rate zones. Zone which strength properties is lower than
these of the base metal (mild interlayer) may be mild metal
of weld, thermal effect zone and decarburized layer. At
axial elastic-plastic loading of the welded pipe mild inter-
layer strongly effects strength of the welded joint [1].

Stress strain state components of welded pipelines
and fatigue lifetime of welded pressure vessels were inves-
tigated in work [2] by FEM. The stress state of pipe sub-
jected to internal pressure p at plane strain state an elastic-
plastic loading is analyzed work [3]. But analytical stress
strain determination for mechanically heterogeneous
welded pipelines under elastic-plastic loading is not known
up till now.

The stresses and strain determination in a welded
pipeline with a mild square interlayer under elastic-plastic
loading, when in cross-sections interaction of metal H and
mild metal M disappears and plane state realizes, is ana-
lyzed in this paper. Strain distribution in the pipe wall is
determined from approximated Lame’s equations by esti-
mating interaction at the contact plane materials M and H
(fusion line). Elastic-plastic strains appear in mild metal at
internal surface of the pipe. When internal pressure p in-
creases elasto-plastically deformed zone extends on the
external radius direction.

2. Stress strain state of welded joint at elastic and
elastic-plastic loading

Calculations of stress strain state of mechanically
heterogeneous welded pipelines with a ring cross-section
subjected to pressure are performed in relative dimen-
UH:Z/rin5 UM:_Z/rin’

p=r/r, =1+&s by using parameters: the relative height

sionless coordinates [4]

of mild interlayer @" =h/r, ; the relative thickness of

in 2

pipes wall s=45/r,, ; coordinate of the wall relative thick-

n o

ness &= (,0—1)/ s ; the relative distance from contact plane

@ =1 [r, in which interaction of materials H and M

disappears; where ¢ is thickness of the pipes wall (Fig. 1).

In this case the theory of small elastic-plastic de-
formation was used and are accepted these principle as-
sumptions:

M upper index denotes the value in mild weld metal
upper index denotes the value in hard pipe metal

e residual stresses are abolished by heat treatment;
e material is incompressible at elastic and elastic-plastic
straining (e, +e, +e. =0, v=v"' =v" =0.5);

e modules of elasticity of both materials are

equal( E=E" =E™).
At elastic loading (when o™ < G;M ) stresses of

rmax —
welded joint may be determined by Lame’s equation [4],
which may be expressed on dimensionless coordinates,
when p is internal pressure:
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Fig. 1 Scheme for stress strain state determination in
welded pipe with the mild interlayer

The relative thickness of majority pipeline sys-
tems s <0.2— 0.3 . In this case stresses and strains on the

£ upper index denotes the values calculated by Lame’s equations



thickness of pipe wall are distributed approximately line-
arly. Then

o (&)=-p(-¢) )

Lame’s diagram of stress o, is approximated by
two linear functions £;(£,s) in the interval 0<&<0.5

and f,(&,s) in — 05<&<1, when o,(0)=0%(0),
o,)=0.() (Fig.2). Tt s

1
c,(0.5)=cf, :_"GHL dé=p/s is the mean value of o,.
0

accepted  that

Then

1
()= p{;—B(é—o.S)} 3)
where B=B, =2(s+1)/(s+2), when
B=B,=2/(s+2), when £>0.5.

Strains e,(£), e,(£) and e.(&) the most conven-
ient to calculate by using the circumference strain value

¢,(0.5)=¢;(0.5). Strain ¢ (0,5):%M
N

lated from Hooke’s law when o, =0 and £=0.5.

£<05 and

is calcu-

In further calculations the circumference strain e,
is determined by using its value when £=0.5.
Stress intensity at axial symmetrical deformation

at plane strain state o, :\/0',2 +0,"—0,0, . Then by

estimating Egs. (2), (3) is obtained

Gf(§)=p\/(l—§)2 +E_B(§_O'S)T +

+(1—§)E—B(§—0.5)} )

Maximum value of pressure p at elastic loading
under plane stress state in a mild metal may be determined

by Eq. (4) from condition ¢ (0)< o , when & =0, then

2
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where o, is the limit of elasticity.
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Fig. 2 Scheme of stress o, diagram approximation

From Eq. (5) follows that elastic-plastic stress
strain state appears at internal surface of mild metal when

P> P
Strain distribution at elastic-plastic loading de-
pends on elastic-plastically deformed zone 0<&<¢, .

Pressure which corresponds elastic-plastic deforming in
this zone may be determined from Eq. (4) by accepting

o, (&)= o, and choosing coordinate & =& ,» then

», =ae/\/E+B(§p -0.5)}2 wli-¢ f+

+i-¢, E+B(§p —0.5)} (6)

Strain state at the elastic-plastic loading of mild

metal at the contact plane is determined from condition
e)" =el" and e'" =e/"". The most convenient way for
stress strain state calculation at elastic-plastic loading is
obtained when strains e, and e, are determined from the

presumption that ratio K, (0.5)=e* (0.5)/ e2(0.5) at elastic
and elastic-plastic loading is the same, then

e(0.5)=¢,(0.5)K,(0.5) (7)

where ¢£(0.5), e(0.5) are elastic strains of hard metal,

calculated from Hooke’s law when p < pM and . =0:
K, (0.5)=—(1+5)/(2+0.55) and
K, (0.5)=—(1+0.55)/(2+0.55). Strains e,(£), e,(&) and
e.(£) are determined in the same manner as ¢(0.5), then
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where ¢°(£) are strains e5(&), ef(f) and ¢f(&) calcu-

lated by Hooke’s law when o, =0 ; ratios

Keg(é)—2S(1_§)+2+Bs(1_2§)

N s+4

C4s(1-&)+2+Bs(1-2¢)

K, ()= T
K_(¢)- 2s(1—§)—sz_—23s(1—2§)

Eq. (8) also maybe used for elastic strains e° (5)

calculation.
At elastic-plastic loading o, = f (el.). Therefore

strain intensity e, (& ), o; (5) and stress o, in cross-section
n are determined in such manner:
e stress intensity is determined by the equation

¢,(&)=e,(£)K (&) )

* upper index denotes the values of the contact plane



¢ ($)

where K,(£)= el ©

Ew(g-o.s)}2 +(1-¢&) +(1—§)E+B(§—0.5)}

l+15>(§—0.5)+0.5(1—§) ’
s

e stress intensity is calculated from the equations

o; = Ee;,whene, <e,

(10)

e

m
o; = o-{ﬁj ,whene, >e,
e
when tensile curve at elastic-plastic zone is approximated
by power function (m is power index of the material hard-
ening in elastic-plastic zone);

e stress

69:0.5(0'r+1/40',.2—30'r2) (11)
e secant modulus of stress strain curve
E'(¢)=0,(£)/e(¢) (12)

is determined when o, >o,, where e, is strain which
corresponds to o, .

Strain e, depends on elasto-plastically deformed
zone 0<& <& . When the last point of its zone of mild
metal & ;” <0.5 parameters of mechanical heterogeneity of
weld joint y, =o/(0.5)/c"(0.5)=1 (Fig. 3). The pres-
sure p. which corresponds &," = &7 =0.5 is determined
from Eq. (6) by accepting o, =0, and &, =0.5. In this
case ¢,(0.5)=e"(0.5)=¢" (O.S)‘

-/ may be calculated

from dependence
eé,'(o_s)‘n,,:a,ﬂ —u i Zn0.5s) _ p(l +S(})5.25S) ’

it =e,(0.5)p(0.5) is relative displacement of hard metal at
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Fig. 3 Relationship between stress and strain intensities
and scheme for determination of secant modulus
and heterogeneity of welded joint

longitudinal section £ =0.5 when p=p, =1+0.5s.
When p > pff the parameter of mechanical het-

erogeneity 7, >1, in this case strain e} (0.5) increases

due to deviation axis of the pipe wall which appears be-
cause of interaction of materials M and H at the contact

plane [4]. This deviation and strain e,(0.5,77) is increased

with increasing y, . Because y, depends on strain e, dis-

tribution of its value must be determined by approaching
method.
H

Maximum pressure p’'  when o/ (0)=c" is
determined from Eq. (5) by substituting 0':[ instead of
oM. When p> p  at the internal point elastic-plastic
deforming of H metal begins. In this case e’ (0.5) =e, (0.5)

value is decreased because it was determined when mate-
rial H was deformed elastically.

Strain ego)(O.S) may be determined from Eq. (8).
Value e/(0.5) may be corrected from integral equilib-

rium condition o = ¢*)(0.5), where

1 o H§H +£
U;L=Ia:dé=fo*;’d¢+%( ) S(0.5-¢ )+
+0.25p[1+(1—0~532ﬂ (13)

S S

is mean value of circumference stress in the thickness of
¢ =0.5. Maximum coordinate f;{ which corresponds the
finite point at elasto-plastically deformed zone of material
H is determined from Eq. (6), when & (f: )= c!’, then

—b—lp? -4
§H:—ac, where a =B+ B, +1; b=-[2+

’ 2a

+B2+1.5B, +l(1+231)} c=1+i2+o.5Bl+
S S

2
1 . .
+0.25B7 +~(1+ B, )—( 0-1‘_’1 ] (in this case pressure
s

P> Peman)-

Corrected value of circumference strain e/ at
the distance @ from contact plane is determined from
Hooke’s law, by using o/ (0.5)= o/*)(0.5)+ A4, instead
of o19(0.5) where A4, =o"(0.5)-o/ and o.=0.
Calculation may be simplified by assuming linear stress
o, distribution at elastic-plastic zone (0 <é< (f: ) Then

A4, ~ 055 (0)- o (0)]¢" and

P
ol1(0.5)=o19(0.5)+ 44, (1 -0.5¢) ), where  stress
value o7*)(0) is determined from Egs. (7) — (11) (Fig. 4).
Expression for calculating circumference strains

at axial symmetrical deformation of mechanically hetero-
geneous  welded  pipelines under elastic-plastic
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Fig. 4 Scheme for determination o, (0.5) at elastic-plastic
loading of metal H

loading in longitudinal section &£=0.5 in dimensionless
coordinate 7y =0/(0.5)/a(0.5)> 1

(Fig. 3)

system when

el (0.5,77H )= el (O.S){exp(— kn" )><

><[C1 sin(an)+C2 cos(k?]H)H} (14)
ey (0.5,77M )= ey (0.5){exp(— kn" )><
<[c, sinlkn™ )+ ¢, cos(kn™ )|+ 1} (15)
was determined in works [3 - 6], where k =4 3
(1+0.53)2s2

is relative stiffness of the pipe wall; @” z?;—?]: is the dis-
tance from the contact plane in which the interaction of M
and H metals disappears in base metal [4, 5] (distribution

of relative distance @” dependent on s is shown in
Fig.(5)); coefficients Cy, C,, C; and C, are

C =C,+2C, (16)
C,=C, 17)
_sin (ceMk)+ cos (aeMk)
€= sin(ceMk)—cos(aeMk)C4 (18)
C — WMk X cen
o ¥ lcos(ceMk)cos(aer)—
x(;/N—l)x
—2sin(asz)cos(aaHk)— sin(aaMk)sin(cer)—
. <exple’'k)x
- cos(oeMk)exp(wHk)+ 2sin(aeMk)exp(asz)J—
X [sin(&eMk)— cos(aeMk)] (19)

- cos(ceMk)exp(oer)+ exp[(aa” - )kJ

In work [4] stress strain state of mechanically
heterogeneous welded joint is analyzed at elastic loading
when y, =const. Because at elastic-plastic straining of

mechanically heterogeneity welded pipelines the parameter
of heterogeneity of welded joint depends on e; (0.5), there-

fore y, and circumference strain e,(0.5), when

0.5

0.0
0 0.1 s 0.3

Fig. 5 Dependence @’ on relative thickness of the pipe
wall

p>p,. are determined by approaching method in such a
way:
e at initial

approaching it was assumed that

e (0.5)=e!’ (0.5):

e 5/ (0.5) and &"(0.5) are determined from Egs. (7),
(8) and (10);

o Y=g/ (0.5)/0,.M* (0.5);

o ¢,(0.5)=el (0.5)(C, +1) is determined from Eq. (14);

e e (0.5) , O'I.H*(j )(0.5) , o U )(0.5) are determined from
Egs. (9) and (10);

e by Eq. (15) and the condition that on the contact plane
displacements of base and mild metals are equal

}/S) = 5.19(0.5)/)(0.5) is calculated.
Approaching process is continued up till when

|()/](\',j) — )/](\-,/’1)] / )/](\-,/) becomes desirably small (for accuracy

0.1 % usually is needed 3-5 iterations).
When y, >1 there are longitudinal stresses o,

are on inner and outer surface of the pipe because bending
moment acts [5]. Expression of o obtained in work [4]

zmax
may be written in relative parameters, then at elastic load-
ing

_+6Mz :£(+id21’7(77)] (20)

T2 Ay’

where M =M/r} ;

2 i =(1+0.55)e,(0.5)
Bending moment M, appears due to the interac-

tion of H and M materials under elastic-plastic loading,
then from Eq. (20) longitudinal stresses of base metal H

4E'"

o.en" )= 255 (05-¢)x
X(I+O.5s)% 1)
7

©. M. 0 upper index denotes the iteration number



a’e"(0.57") d’e"(0.57")
lan" (an™ f
@ <<e" and e (O.S,I]M)z ey (O.S,T]M) longitudinal

stresses of mild metal M are calculated in the same manner
as longitudinal stresses of H metal by accepting

Because

4E™

o.(en" )= 25—s(0.5-&)x
x(1+0.5s)%m (22)
7

Secant modulus for H and M metals is calculated
from Eqgs. (8) - (11).
When y, >1 stress o, acts and strains e,, e

ro

e, are changed due to their bending components. In this
eb=e,-0.50_[E', e =e —050./E,

case strains

el =e +o. /E " are obtained by using the superposition

principle. Stains e,, e,, e, are determined from Egs. (7)

ro

and (8) when o, =0. Then from the expression of strain
intensity it follows

e.=£ e —e, ) +(e,—e.-1.50_/E'V +
i 3\/(7* 9) [ z z/

Stress intensity o (577) is determined from
Eq. (10). The circumference stress is obtained from de-
pendence o, = f(c,):

oulen)= 1,0 oen)+ao ) -

-30,(&)f -30.(&n) +60,(¢)o. (én)}

24

Maximum value of pressure p, . when this solu-
tion is valued my be determined from Eq.(6) when

g, =

0.5 and o, =c.

3. Stress strain distribution at elastic-plastic loading

Stress strain distribution in welded joint of grade
I5X2M®A steel with square cross-section shape manual
weld welded with electrode YOHU-13/45A is analyzed in
this work. Mechanical properties of the base metal:

o' =490 MPa; o) =534 MPa; o =722 MPa;
e"=8.6%; w"=738%; m"=0.129; E”=2.10° MPa
and mild weld metal: &) =425MPa; o,,=439 MPa,
ol =545 MPa; e =12%; w" =69.5%; m"=0.075;
E"=2.10°MPa[l].

Distribution of stresses and strains in separate

+ (ez —e, +1.50./E /)2 (23)  zones of welded pipe was calculated analytically from Egs.
(2) - (24) and determined by FEM
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Fig. 6 Distributions of stress strain state components when s =0.2, & f =0.3: a — strain intensity; b — circumference stress

and stress intensity; (— —— ) — calculated analytically and (

) — determined by FEM; C. p. — contact plane
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Fig. 7 Distributions of strains and stresses: a — strain intensity at longitudinal section &=0.5 from "

&l =03;
1-&0<05,2- & >land0< &), 3 &

b — strain intensity at longitudinal section &=0.5 from &, when s=0.05,

when s=0.1,

calculated analytically; (——— ) — determined by FEM; C. p. — contact plane

The most heavily loaded zones, as follows from
Fig. 6, are on the inner surface of the pipe: in base metal —
at the contact plane, in mild metal — at the centre of mild
interlayer. Strain intensity in these zones increase with
increasing pressure p and relative height of interlayer ™.

Dependence welded pipe strain intensity on the
relative height 4/ & is shown in Fig. 7, a. From Fig. 7, a
follows that with decreasing of "
centre of a mild weld also decreases.

Dependence of strains intensity in longitudinal

strain intensity at the

section £=0.5 on elasto-plastically deformed zone &, is
shown in Fig. 7, b.

o.| are in the most loaded

z

o, (01

and decreasing s.

The largest values

zones when £=0 and £=1.

o, (lj increases

with increasing e’

o

z

rapidly de-

creases with increasing the distance from contact plane and
it disappears when this distance is equal ¢ (Fig. 7, c).

. H*
When 55 >0 maximum value of o, corre-

sponds &=¢ 5
its value decreases with increasing of elastic-plastic de-

formed zone at contact plane. The distribution of circum-

. . * *
ference and stresses intensity o, , o

i

* . H* H*
. In a mild metal o, =0, (l), because

M* M* .
, 05 and o is
shown in Fig. 8. Values of circumference stress and
stresses intensity increase with increasing pressure p and

decreasing of relative thickness of the pipe wall s.

h/S=1, where
=0.3 ; c — longitudinal stresses, when s =0.2, 5;1 03 (oo
1.3 |
ol o}
E __—-_.——.-..--——‘- > /.
fi——y
1.0 —
0.9 o= |
ME M
i 0
0.8 %
0 0.25 0.5 : 1

Fig. 8 Distributions of circumference and stresses intensity
at contact plane, when s =0.2, 5;{ =03;(-——-)

— calculated analytically;
by FEM

5. Conclusions

1. The elastic-plastic strains in a welded pipeline
with mild interlayer appear at the inner surface of mild
weld. Their values and elastic-plastic deformed zone in-
crease with increasing of pressure p.

2. Maximum values of stresses and strains are at
the inner surface of the pipe: for base metal are at the con-
tact plane and for mild metal — at the center of the inter-
layer. With decreasing relative thickness of the pipe wall s
the circumference stress and strain at the inner surface of
the pipe increases and at external surface of the pipe de-
creases.



3. Strain intensity e; in the most heavily loaded
zones decreases with decreasing @ and approaches to its
value in the cross-section removed from the contact plane
at the distance e ",

4. When mild metal at the contact plane in the

zone .f[”)” > 0.5 is deformed elastic-plastically due to the

acting bending moment stresses o' and o appear.

Therefore strain intensity at inner surface of the pipe in-
creases and at external — decreases. Stress rapidly de-
creases with increasing the distance from the contact plane.

When this distance is equal @ stress o disappears.
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V. Kaminskas, A. Brazénas

SUVIRINTO VAMZDYNO SU MINKSTU
TARPSLUOKSNIU I[TEMPIMU IR DEFORMACIIU
NUSTATYMAS ESANT PLOKSCIAJAM [TEMPIMU
BUVIUI IR TAMPRIAI PLASTINIAM
DEFORMAVIMUI

Reziumé

Darbe nagrinéjama suvirinto vamzdyno itempimy
ir deformacijy biivio komponenty priklausomybé nuo slé-
gio, santykinio sienelés storio ir medziagy mechaniniy
savybiy nevienalytiSkumo. Nustatyta, kad, didéjant tamp-
riai plastiSkai deformuotai zonai kontakto plokstumoje,

slegiui p ir santykiui y, =o' /o , mechaninio nevienaly-

tiSkumo parametras ¥y taip pat didéja.

Labiausiai apkrautos zonos yra vamzdzio vidi-
niame pavirSiuje: kietame metale — kontakto plokStumoje,
minkstame — tarpsluoksnio centre. AnalitiSkai apskaiciuoti
itempimai ir deformacijos suvirinto vamzdzio atskirose
zonose gerai sutampa su jy vertémis, apskaiCiuotomis
BEM.
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V. Kaminskas, A. Brazénas

STRESSES AND STRAINS DETERMINATION OF
WELDED PIPELINES WITH THE MILD INTERLAYER
AT PLANE STRESS STATE UNDER ELASTIC-
PLASTIC LOADING

Summary

Dependence of stress strain state components on
pressure, relative thickness of welded pipelines wall and
mechanical heterogeneity of the welded joints materials is
analyzed in this paper. It is determined that the mechanical

heterogeneity parameter )y of welded joint increases with
increasing elasto-plastically deformed zone at the contact
plane, pressure p and ratio y, =c /o .

The most loaded zones are at the inner surface of
the pipe: at the contact plane for hard metal and at the cen-
tre of a mild interlayer. The stresses and strains calculated
analytically in the separate zones of welded pipe and de-
termined by FEM showed a good agreement.

B. Kamunckac, A. bpaxxenac

OIIPEJIEJIEHUE HATIPSDKEHUI U JIEGOPMALIUN
CBAPHOI'O TPYBOITPOBOJIA C MSTKOI
[TPOCJIOMKO ITPH YIIPYT OIVIACTUYECKOM
JTE©OOPMUPOBAHUU U IJIOCKOM
HAIIPSDKEHHOM COCTOSIHUM

Pesome

B Hacrosmieli paboTe mpuBeneHa METOIWKA OI-
peneneHnss KOMIIOHEHTOB HaNpsDKEeHHO-Ae(OPMUPOBAH-
HOTO COCTOSIHHMSI CBapHOTO TPYOONpOBOJa C MSTKOW Mpo-
CIIOWKOI TpH YIPYroriacTU4eckoM JIe(OpMUPOBAHUU H
IUIOCKOM HAaIpsDKEHHOM cocTostHuu. [IpencraBieHsl 3aBu-
CHMOCTH KOMIIOHEHTOB HaIpsDKEHHO-Ie()OPMHPOBAHHOTO
COCTOSIHUSL OT JIaBJIEHUS, OTHOCUTEIHHON TOJIIUHBI CTEH-
KA TpyOBl W HEOJHOPOJHOCTH MEXaHHYECKUX CBOWCTB
cBapHOro coeaunHeHus. OmnpenencHo, 4To mapaMeTp Mexa-
HUYECKOM HEOJHOPOJHOCTH CBAPHOTO COETUHEHUS J y yBe-
JMYUBAETCA C YBEIWYEHHEM pPa3MEpOB YMPYro-IUlacTu-
YeckH J1e(OPMHUPOBAHHONW 30HBI HA KOHTAKTHOM IUIOCKO-

CTH, JTaBJeHHs p U cooTHomeHus ¥, = o /o .

MakcumanbHO Harpy>kKeHHOM 30HOW  sABIAeTCA
BHYTPEHHSIS1 HOBEPXHOCTH TPyOBI: B TBEPJIOM METaJlIe — Ha
KOHTAKTHOM MJIOCKOCTH, B MATKOM — B LIEHTPE MPOCIOUKH.
Hanpspkennst n nedopmann, pacCauTaHHbIE aHATUTHYECKH
B OTZEJIBHBIX 30HAX, XOPOILIO COOTBETCTBYIOT UX 3HAUECHUSIM,
ompexneneHHEIMA MKD.
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