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For welded joints of pipelines and elements of welded structures, including tubular ones, changes of section in weld
zone are typical. The local rise of stresses or their concentration appears in the places of shape change. The level of
concentration often plays a decisive role in determination of stress-strain state of structure in whole, has an effect on life
at cyclic loads as well as influences the process of nucleation and propagation of cracks. This paper provides a review
of works dedicated to the procedures for determination of maximum local stresses acting in the zone of stress concen-
tration caused by geometry of welded joints of pipelines and tubular structures. 49 Ref., 1 Table, 4 Figures.
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Stress concentration, caused by weld geometry, is one
of the main factors determining the characteristics of
fatigue resistance of welded joints [1].

The experience shows that the stress concentration
shall be taken into account not only at effect of vi-
bration load, but also at static load and impact, when
there is a possibility of brittle fracture [2], that is par-
ticularly relevant for pipelines operated at low climat-
ic temperatures, for example, under conditions of the
Extreme North or transpolar regions [3, 4].

Traditionally, the maximum stresses in elastic de-
formation are obtained by multiplication of nominal
stresses on value of theoretical stress concentration
factor (SCF), which is a quantitative evaluation of
stress concentration.

An approach according to which the theoretical
stress concentration factor is presented as a product of
two factors is very wide spread in the recent years in
engineering practice. The first takes into account mac-
rogeometry, i.e. welded assembly structure, therefore it
was titled as structural SCF. The second considers pres-
ence of weld and its microgeometry. Such an approach
provides sufficiently trustworthy result that was also
proved by domestic researchers [5]. Presence of linear
(pipes misalignment) or angular (pipe distortion) dis-
placements of edges in the welded assembly promote
additional external loads, which are considered by cor-
responding factors, to which first two are multiplied [6].

Stress concentration related with dimensions of
reinforcement and geometry of transition zone from
weld to base metal, first of all depends on relationship
of a radius of this transition to thickness of base metal
[7] and in our case to pipe wall thickness [8].

Investigation of SCF effect on fatigue strength
is described in many works of domestic and foreign

authors [9, 10] that indicates significant scientific in-
terest in this issue, in particular, applicable to welded
joints of pipelines and tubular structures [11].

Analytical, experimental and numerical methods are
used as a rule for evaluation of stressed state of loaded
parts and structure elements, and modern procedures
are based on their combination with the maximum ap-
plication of the advantages of each of them. Therefore,
aim of the present review is tracing the modern tenden-
cies and determination of priority directions of further
development of procedures for calculation of the max-
imum local stresses in pipe welded joints.

Majority of the works, published in the recent
decades, are based on application of a finite element
method (FEM) for deriving the formulae a allowing
determining hot spot stresses (HSS), which are the
maximum local stresses. Use of the indicated ap-
proach allows determining structural SCF applying
shell members at axial load as well as bending mo-
ments in various planes of investigated welded as-
sembly. For example, in work [12] in a such a way
there were determined the values of structural SCF
along the whole weld length in the case of applica-
tion of axial load along the branch pipe F,, bending
moment across the pipe section and branch pipe M,
and in pipe section plane M, (Figure 1) for T-joints.

SCF values (Figure 1) satisfactorily match with the
results of works provided in [12]. It should be noted that
the authors [12] were limited by graphic interpretation
of the results, and did not derive the equations allowing
determining SCF depending on geometry parameters.

Formulae for determination of structural SCF in
the joints of square and circular pipes of DT/X tubu-
lar structures were obtained in work [13] using FEM.
Comparative evaluation of the SCF calculation val-
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Figure 1. Maximum values of SCF on data of [12] under effect of axial force (a), moment across pipe section and connecting pipe (b)

and moment in pipe section plane (C)

ues of indicated joints with corresponding value for
similar joints of circular pipes, obtained by known at
that moment formulae, was carried out. It was deter-
mined that «square—circle» joints at applied axial load
and bending moment out of plane have SCF less than
«circle-circle» joints. At bending moment the picture
is opposite in the structure plane.

The authors of [14] analyzed using FEM around
2 thou variants of structures with different intersection
angles and six schemes of loading (tension and bending
in different directions and planes) for welded joints of
X- and cruciform tubular structures. As a result, new
parametric equations for determination of structural
SCF were derived based on regression analysis. The
results of calculation on obtained dependencies were
compared by authors with the experimental results per-
formed with steel and acrylic models. The coincidence
was satisfactory, therefore, obtained formulae were
recommended for calculation of tubular frames.

Work [15] in many respects is similar to work [ 14],
but dedicated to K-tubular structures. They based on
solution using FEM of 254 problems, corresponding
to different variants of structures, and further regres-
sion analysis of obtained results, provided the depen-
dencies for determination of structural SCF. Verifica-
tion of obtained results was also carried out on steel
and acrylic models.

A procedure for prediction of values of structural
SCF and deflection angle of K-tubular structures was
developed in work [16] by the same authors based on
[15] and data base of other their works.

Authors of [17] for K-tubular structures based on a
displacement method in the effective concentrator de-
termined the local stresses considering weld geometry
parameters. The authors of this work studied the stress
concentration in the welded joints with fillet welds
having corrected profile. Minimizing the SCF (here
weld shape SCF) was reached by means of removal
of defects in a transition zone from weld to base metal
and providing the profile with necessary radius.
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Data base of SCF was obtained in work [18] based
on FEM for welded joint of XX-spatial tubular struc-
tures. Using it a simple and efficient procedure for
prediction of SCF values at different types of loads
was developed. The equations and diagrams recom-
mended for engineering practice were obtained for
SCF determination.

The approach used in works [12—15] is extended to
T-, X- and Y-tubular structures for twelve schemes of
load application in work [19].

Paper [20] specifies the values of structural SCF
for welded joint of connecting pipe and spherical res-
ervoir in a wide range of variation of their parameters
(diameters and thicknesses of walls) and presented in
form of tables and diagrams.

The authors used FEM and theory of thin shells
under internal pressure. Both methods showed good
reproducibility of the results even with consideration
of reinforcement, present in the joint. Therefore, in
authors’ opinion, the results obtained in this work can
be used for branch to cylinder shells welds.

The results of experimental investigations of fatigue
life of DT-joints of pipes are presented in work [21].
The authors using TIG welding made two types of sam-
ples of steel S31803. The first type of the samples simu-
lated tubular structure, i.e. welding of smaller diameter
pipe to pipe of larger diameter. The second type of the
samples presented itself the elements of pipelines, i.e.
pipe with welded to it connecting pipes. In course of
investigations the authors determined structural SCF
for both types of the samples. Based on the results of
in-situ measurements as well as by means of calculation
using formulae recommended by [IW (ITW Doc. X V-E-
98-236), it was determined that SCF of the samples of
second type is 35 % lower than that in the first.

Paper [22] presents the method for determina-
tion of structural SCF of welded joints of pipelines
based on FEM, where SCF is outlined as a main fac-
tor effecting life of girth welds. According to ASME
Section II and B31 codes for pressure vessels and
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pipelines, respectively, their life is determined by
such important index as fatigue strength degradation
factor (ASME Section III) and stress intensity factor
(ASME B31). Both are the analogues of efficient con-
centration factor and related with SCF, therefore, the
problem of more accurate and reliable determination
of SCF is relevant. The authors of this work outline
that generally accepted approach to its determination
using FEM is not effective enough for welds of pipe-
lines due to sensitivity of the results to mesh size, and
proposed method provides SCF values which do not
depend on it. An important result of this work is de-
termination of functional relationship between the fa-
tigue strength degradation factor and SCF.

Developed and presented in work [22] approach
was successfully realized by its authors in work [23]
by the example of T-tubular structure working in bend-
ing in plane, the proposed method was used for HSS
determination. Similar to work [21], [23] studies tubu-
lar structures as well as joints of pipelines. In order to
obtain the latter the model eliminated part of the pipe
corresponding to intersection. The results indicate the
following, namely structural SCF acquires the highest
value on the larger diameter pipe. The nature of SCF
distribution along the weld is different for tubular struc-
ture and pipeline joining. In a zone of maximum SCF
of pipeline joining its value is 33 % lower than that
in the tubular structure. The latter result coincides with
the results of work [21] obtained on full-scale speci-
mens and using analytical dependencies.

Work [24] in many aspects is similar to [22],
moreover, authors note the excessive conservatism of
ASME codes, which provide oversetimated values.
Authors of work [24] obtained using FEM the dia-
grams of dependence of structural SCF on relation-
ship of pipe diameter D and welded to it branch of
diameter d with alternating wall thickness. The data
were obtained for wide range d/D = 0.05-1.0. The
values of structural SCF in loading by inner pressure
are within 1.8-3.5 limits.

A new method for determination of structural SCF
[22] presented in 2003 was validated till 2007. In

Figure 2. Parameters of T-joint of pipe and branch
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work [25] the authors successfully used their method
in updating 2007 ASME Div 2 codes. Issue of new
edition became possible also due to new, more accu-
rate method of SCF determination.

Authors of [26] investigated the effect on structur-
al SCF of local wall thinning in area of T-joint of pipe
and branch (Figure 2).

The investigation was carried out in two stages. At
the first stage the model was validated using known
dependencies for structural SCF, which were obtained
by such researchers as:

e Lind
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The models in wide range of parameters of joint
were constructed and effect of wall thinning on struc-
tural SCF was evaluated after validation. As a result
it was determined that it rises with decrease of wall
thickness. For relatively thin-walled pipes at d/D < 0.2
effect of thinning of SCF becomes not as significant
up to opposite picture, when reduction of thickness
can promote decrease of SCF. For relatively thick-
walled pipes at d/D > 0.3 SCF considerably rises with
thickness reduction. For joints with thinning as well
as without it the maximum local stresses appear on a
line of intersection of inner surfaces.

Distribution of SCF along the weld and zone of
maximum SCF in the tubular welded structures have
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significant effect on structure life. Particularly, it is
important to know the nature of SCF distribution for
spatial tubular structures. Authors of [27] investigated
the distribution of structural SCF for DKT-structures
under effect of axial loads. Using parametric mod-
elling and FEM the effect of structure geometry on
SCF distribution along the welds was evaluated. The
evaluation included also comparison of SCF values
of flat structures (KT) with spatial (DKT). It is stat-
ed that structural SCF of DKT structure is 1.1-1.6
times higher than SCF of KT structure. The paramet-
ric equations were derived connecting the structural
SCF with dimensions of tubular structure, correlation
coefficient made 0.993—-0.999. Data on distribution of
SCF in T-shaped element of KT-structure are similar
to the results in [12].

It should be noted that generation of reliable ana-
lytical dependencies is a relevant problem by now. An
illustrative example of convenience of application of
SCF formulae, similar to [27], in combination with
other factors, is the papers [28, 29], which investigate
the effect on structure life of residual stresses and im-
pact treatment of welds. Very often in the literature
SCF definition goes in combination with other factors
determining life of welded joints.

Work [30] clearly demonstrated how a value of
structural SCF effects the accumulation of fatigue
damage of butt welded piles made by single weld at
their piling in sea ground. Structural SCF in the con-
sidered case is related with bending due to eccen-
tricity because of difference of thicknesses of joined
pipes, and is introduced together with classification
factor, depending on method of welding, i.e. present-
ing itself the theoretical SCF of weld shape. Increase
of the latter from 1.34 to 1.52, i.e. by 13 %, results
in rise of accumulated fatigue damage (that was de-
termined on Palmgren-Miner hypothesis) by 46 %. It
was determined by authors of mentioned above work
in calculation way using GRLWEAP software.

In contrast to work [30], which considers only ax-
ial load in piling, the authors of [31] evaluated SCF
under effect on the pile of axial load as well as bend-
ing moment (separately and together). Effect on ac-
cumulated fatigue damage was not estimated, howev-
er, a great work was carried out on determination of
general SCF depending on diameter and thickness of
pile wall t with the next weld parameters, namely con-
vexity height makes 5 % of wall thickness plus 2 mm,
and radius of transition from weld to base metal p is
I mm. Width and height of reinforcement was deter-
mined constructively, radial displacement of pipes e
was taken as fixed and made 2 mm. Obtained values
were graphically presented and compared with known
formulae for flat parts (K, = 1 + 3e/t) [32] and with
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specified formulae derived for pipes [33, 34]. It is de-
termined that all results are in satisfactory agreement.
Dependence of SCF on wall thickness obtained by the
formulae and using FEM have similar nature. SCF
has virtually no dependence on pipe diameter.

Separately it is necessary to outline the works of Inge
Lotsberg. He made a great contribution in the develop-
ment of methods of determination of local stresses in
welded joints of pipelines and tubular structures. The pe-
culiarity of his work is accurate analytical expressions for
SCF based on classical shell theory. Thus, for example,
Lotsberg formulae presented in work [35] allow deter-
mining the structural SCF depending on structure manu-
facturing errors. The formulae can be used for butt joints
of pipes, strengthening and stiffening ribs, conical pipe
crossings. His further works were directed on expansion
of area of formulae application and evaluation of SCF
effect on fatigue life of tubular structures [33, 36]; con-
sideration of wider spectrum of loads, for example, under
effect of internal pressure [34]; specification of empirical
dependencies for SCF determination obtained by other
authors [37]. The result of more than 40 years activity of
the scientist became a book [38] accumulating virtually
all aspects of fatigue life of tubular structures.

Expansion of field of application of the formulae
for SCF determination is the typical feature for inves-
tigations of the recent years [39—43]. Works [39, 40]
complement each other and are directed on investiga-
tion of the problem of SCF distribution in T-welded
joints of square pipes (Figure 3).

In work [39] there were determined the zones of the
largest SCF along the weld as well as its maximum val-
ues at bending moment loading in pipe plane (Figure
3, @). The evaluation was carried out experimentally
on the pipe samples of different size (9 samples) by
means of change of displacements taking into account
nonlinear nature of their distribution along the hot line.
It is known that the method of HSS determination al-
lows the possibility of linear and quadratic extrapola-
tion. The authors [39] determined that for the joints
presented on Figure 3 it is necessary to use quadratic
extrapolation. Particularly in this case SCF determi-
nation is more accurate, thus, it is possible to use fa-
tigue curves, recommended by IIW. The authors note
that application of formulae for SCF calculation is very
convenient, therefore, derivation of such formulae they
presented as the aim of their further investigations.

The same authors in work [40] have considered the
similar joints under effect of axial loads where FEM
was used for SCF determination. In other aspects the
obtained set of data is similar to [39], the maximum
SCF were obtained for the sample with the same re-
lationship of dimensions that in [39]. It is determined
that the largest SCF values are present in the joint at
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Figure 3. Maximum SCF on data of [39, 40] under effect of moment in pipe plane (a) and axial force along connecting pipe (b)

application of axial force to the smaller diameter pipe
(Figure 3, b). Besides, the authors have compared
the obtained results with SCF values of traditional
T-joints (Figure 4) and circular pipes (Figure 2). The
critical values of pipe size, at which the joints (Fig-
ure 3) have advantages over the rest, are provided.

The authors of [41] also researched T-joints of
square pipes, in which smaller section pipe is turned
to 45° relatively to position shown on Figure 3. FEM
was used for the investigations, model was validat-
ed using full-scale measurements of displacements.
In total four types of loads were considered, namely
axial loads, applied to pipes of larger and smaller di-
ameter, bending in the plane and out of it. The work
proves the conclusion [39] that the quadratic extrapo-
lation shall be used for of square pipe joints for HSS
determination. Trustworthy formulae for determina-
tion of SFC at variants of loads mentioned above were
derived based on determination of SCF using FEM on
multiple models in the considered work.

Since formulae (1)—+(5) for calculation of structural
SCF of fillet T-welds of tubular structures (Figure 2)
have comparatively low accuracy, the authors of [42] us-
ing FEM and based on solution of 1526 problems have
derived simpler and more reliable formulae for determi-
nation of its value under effect of internal pressure.

The formulae for determination of SCF of K-tubu-
lar structures were derived in work [43] using FEM
based on regression analysis of data obtained from
multiple models. The structure considered by the au-
thors was welded from larger pipe of circular and two
smaller pipes of square sections. The formulae can be
used for determination of SCF at each pipe under ef-
fect of axial loads.

| i 1V
—— 1 _L/: +
Y T [\ ]

/ | \
7 5 )
( /
\ i

Figure 4. Scheme of T-welded joint of rectangular pipes
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Work [44] in methodological concept is related
to work [26], but dedicated to estimation of effect of
volumetric surface defects on life of tubing tees, in-
cluding welded ones. At the first stage of investigation
the author constructed the models of tees and using
FEM determined the values of structural SCF. From
all types of tees the maximum values were obtained
for the tees with welded branch. They made o = 4.5
for tee with D =426 mm, T=20 mm, d= 168 mm, t =
9 mm. The zones of maximum concentration have be-
come the place of further consideration of postulated
defects. It should be noted that these zones matched
with the zones marked by authors of [26]. A compari-
son of the results of SCF calculation on formulae (1)—
(5) with the results obtained in [44] and experimental
data is given in the Table. Numerical values of SCF
agree with experimental data as well as calculation
values. At that there is a difference in the results of
calculations on formulae. Obviously, that formula (2)
provides underestimated and formula (4) overestimat-
ed value for this dimension type of the tee.

Since most of the works considered above [6, 8,
11-31, 33-45] are limited by determination of only
structural SCF using FEM, moreover, not all the re-
searchers derive formulae for its determination, the
experimental methods of SCF determination of weld
shape is still relevant. Thus, authors of work [46] us-
ing polarization-optical method and models construct-
ed by real dimensions of T- and Y-tubular structures,
obtained the SCF value taking into account structural
parameters and weld geometry. The constructed mod-
els consider weld shape instability and its effect on
stressed state of tubular assemblies. HSS values de-
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SCF of welded joints of tees under effect of internal pressure

Method of Experimental FEM Formula
determination [45] [44] [26] ) @) 3) @ ®)
Value 4.23 4.5 4.08" 4.47 3.57 4.11 6.14 4.18

*Value was obtained on data of [26] by method of interpolation of tee parameters, the closest to [44]; calculation on formulae (1)—(5) made
for parameters obtained by interpolation. Experimental value corresponds to the same parameters.

termined taking into account actual geometry of weld
by estimations of authors rise 2.5-3.0 times. Conclu-
sions made in [46] indicate the need of consideration
of weld geometry, otherwise it can result in formation
of cracks in a weld to base metal transition zone in tu-
bular assemblies. In work [47] the SCF values of butt
welded joints of pipes were also obtained using polar-
ization-optical method. The range of values depend-
ing on geometry parameters of weld made 1.1-1.7.

The authors of [48] in course of modeling of non-
stationary processes in butt welded joint of pipeline
using FEM obtained the value of theoretical SCF,
which made 1.8. Thus result agrees with the results of
[46] and SCF values of butt welded joints of flat parts
given in reviews [9, 10].

The polarization-optical method was also used for
determination of SCF of welded joints used in repair of
main pipelines without interruption of product transport-
ing [49]. SCF values depending on type of load made
1.6-3.0 for fillet and 1.2-2.0 for lap-butt welded joints.

Conclusions

1. During the last decades a significant progress was
made in the problem of determination of SCF of pipe-
lines and tubular structures. Today the procedures based
on application of FEM are most wide spread for evalu-
ation of stressed state. The procedures based on experi-
mental methods of acquiring of local stresses and analyt-
ical methods have considerably lower amount.

2. The limitations of FEM application for calcula-
tion of SCF of pipelines and tubular structures in each
separate case are related with high labor intensity in
construction of accurate 3D model and its approxi-
mation by 3D finite elements. Therefore, most of the
researchers tend to use parametric modeling based on
shell elements and derive regression equations allow-
ing calculation of SCF in wide range of parameters.

3. Formulae for SCF determination using FEM
presented in the literature for indicated period are of
private concernment. They can be used only for spe-
cific structure in a set range of parameters. The second
peculiarity of existing dependencies is the fact that
they allow determining only structural SCF, i.e. do
not consider presence and geometry of weld. At that,
the experimental investigations show that the stresses
in the local zones of transition from weld to base met-
al noticeably rise, and elimination in calculations of
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weld presence can result in premature failure of weld-
ed tubular assembly.

4. In the modern engineering practice the local
constituent of SCF, related with presence of weld, is
recommended to calculate using the approximation
formulae, however, such formulae for welded joints
of pipes have not been yet derived today. Therefore,
determination of a fatigue resistance characteristics of
tubular welded structures is carried out using different
methodological means, for example, a method of dis-
placement in effective concentrator. It should be noted
that application of fictional radius of weld to base metal
transition does not allow determining the places with
the maximum value of local SCF along girth or fillet
weld in tubular structures and pipeline joints that plays
an important role for reliable evaluation of their life.
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