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ENDURANCE CALCULATION OF WELDED JOINTS IN TUBBING ERECTOR
MECHANISM USING DIGITAL METHODS

Purpose. To develop and scientifically substantiate a methodology for determining the welded joint endurance during the op-
eration of tubbing erector mechanisms, taking into account the unique conditions of their operation, in particular, under the influ-
ence of various types of loads.

Methodology. The research uses both theoretical approaches to determining the influence of loads and experimental methods.
In particular, the finite element method (FEM) is used when modeling the stress-strain state in welded joints to identify stress
concentration points. To assess the endurance of the joints, semi-empirical calculation methods are used, in particular, Hot Spot
Stress and Effective Notch Stress, followed by a comparative analysis of the results obtained.

Findings. It has been determined that the traditional recommendations for selecting parameters for calculating stresses in tech-
nical objects using the Hot Spot Stress method are not always adequate for all scenarios of loading. A modified approach to assess-
ing the endurance of welded joints is proposed, which integrates the Hot Spot Stress and Effective Notch Stress methods and takes
into account the specifics of singular stress concentrators. Based on the analysis of the assessment results, greater accuracy in
predicting the endurance of welded constructions is ensured. Experimental studies have revealed that the stress values occurring in
welds depend on their geometric parameters, which made it possible to specify the criteria for assessing the strength of joints using
the modified Hot Spot Stress and the Effective Notch Stress methods.

Originality. Since traditional methods for selecting parameters necessary for determining stresses in welded joints using the
Hot Spot Stress method are not always appropriate for different types of loads, there is a need to develop a modified combination
of the two methods, Hot Spot Stress and Effective Notch Stress. This makes it possible to adapt calculations to the specifics of
singular stress concentrators in welded joints, which is the novelty of the research.

Practical value. The research results can be used in mechanical engineering to optimize projects for creating welded construc-
tions, increasing their endurance and reliability. The proposed calculation methods make it possible to determine more precisely
the values of equivalent stresses in hot spots of welded joints and predict their endurance, taking into account the real production
conditions of the equipment operation.

Keywords: singular stress concentrators, welded joints, Hot Spot Stress method, Effective Notch Stress method, endurance of welded
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Introduction. The scientific community of Ukraine dem-
onstrates a high level of activity in the field of development and
improvement of technical means, initiating revolutionary
ideas and opening new horizons in fundamental and applied
research. At the National Technical University Dnipro Poly-
technic, the scientific school of mining mechanical engineers
consistently demonstrates positive results. Its contribution to
the development of the industrial sector is the creation of ad-
vanced scientific concepts to solve insufficiently studied tech-
nical problems. The development of market relations in the
state economy forces domestic manufacturers of technical ob-
jects to take into account the challenges associated with the
need to improve the quality, reliability and economic efficien-
cy of products that could successfully compete with foreign
analogues of products. In this context, scientists of the Na-
tional Technical University Dnipro Polytechnic and M. S. Po-
lyakov Institute of Geotechnical Mechanics are actively devel-
oping the latest methods for mathematical and computer
modeling, the use of which will contribute to the improvement
of designing technical systems of different complexity.

Under the guidance of Professor I.A.Taran, for the first
time, the parameters of new designs of hydro-mechanical
transmissions of mine diesel locomotives [1] and the princi-
ples of modeling transport routes have been determined and
substantiated [2, 3]. Research results of the scientific school
representatives Professor V. P. Naduty [4] and his doctoral stu-
dent V. V. Sukharyev, who studied the stress-strain state of vi-
brating feeders influenced by impact loads, open new perspec-
tives for the development of knowledge about the behavior of
materials under extreme conditions. Complex of studies initi-
ated by Academician H.G. Pivniak and Professor V.I.Sa-
musya |5, 6], is aimed at introducing heat pumps into the pro-
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duction processes of mining enterprises, which provides new
opportunities to increase the energy efficiency of industrial
technologies.

Assignificant contribution to the development of the field is
also made by the studies by scientists K. A. Ziborov, S.O. Fe-
doriachenko [7, 8], aimed at substantiating the parameters of
new designs of mine locomotives, as well as the activity of Pro-
fessor K. S. Zabolotnyi. Under supervision of K. S. Zabolotnyi,
the analysis of dynamic and static parameters of tubbing erec-
tors [9] as a key means of constructing tunnels, hoisting ma-
chines [10, 11] and the theory of laying hoisting ropes on a
drum [12] is conducted. Consequently, intensive scientific re-
search of Ukrainian scientists in the development of innova-
tive technologies and methods contributes to the improvement
of technical level of domestic industry, opens new opportuni-
ties for its development and gains a strong position in the inter-
national market.

In the previously performed calculation [13], the position
of the tubbing erector mechanism was determined when its
nodes reach the maximum equivalent stresses during the cycle
of tubing erector delivery to the desired location.

Fig. 1 shows a computer model of the tubbing erector
mechanism, developed using the SOLIDWORKS Simulation
software. The equivalent stress field according to von Mises
criterion for 19.5 s is shown here.

From the data analysis of Fig. 2 it follows that stress con-
centrators appear in the construction, which is caused by the
presence of round-shaped holes /, and there are also concen-
trators caused by the action of welded joints 2, 3.

In case of change in the final element mesh sizes, the
equivalent stress values in the mentioned concentrators are
different (Fig. 3). Thus, a decrease in these mesh sizes to 16, 8
and 4 mm in the first concentrator study (Fig. 3, line /) reflects
a stress o,,,,1, Which tends to acquire an asymptotic value. Let
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Model name: Assem_lever
Study name: Motion Study 1
Plot type: Static nodal stress Strg

Fig. 1. Changes in the stress field of the tubbing erector mecha-
nism details
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Fig. 2. Regular concentrator in the oval hole area (equivalent
SHress G a1 = 169.380 MPa)

us call such a concentrator a regular concentrator. In concen-
trators placed on the weld edges (Fig. 3, lines 2 and 3), the
Stresses G a2, Omay3 iNCrease indefinitely. Let such concentra-
tors be called singular concentrators.

It should be noted that the automated computational pro-
cedures of the SOLIDWORKS Simulation program do not
provide tools for assessing the endurance of constructions hav-
ing singular concentrators. Instead, semi-empirical methods
should be used, in particular, calculation by nominal stress
parameter, methods for determining stresses in the hot spots of
the welded joint [14], namely Hot Spot Stress and Effective
Notch Stress.

Literature review. To substantiate the relevance of the stud-
ied problem and determine its place in the general context of
scientific search, we will perform an analysis of traditional meth-
ods and approaches for assessing the fatigue strength of welded
constructions, identify the main achievements, and trends in the
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Fig. 3. Dependence of equivalent stresses in concentrators (regu-
lar — 1, singular — 2 and 3) on mesh size h

development of knowledge acquired in this area. It is known that
the nominal stress method (Nominal stress — NS), the hot spot
stress method (Hot Spot Stress — HSS) and the effective notch
stress method (Effective notch stress — ENS) are the most com-
mon in assessing the stress state of welded constructions [15, 16].
The use of the above methods is enshrined in several interna-
tional standards and recommendations of the International In-
stitute of Welding (IIW) [16]. These methods are classified as
concepts of global stress, structural stress and notch stress, re-
spectively. In addition to the traditional approaches mentioned
above, other methods for assessing the fatigue strength of welded
constructions are also developed.

Calculation oriented to nominal stresses is recommended
to be performed by analyzing welded products of simple shape.
Thus, consider the results reported by scientific works in the
field of assessing the fatigue strength of welded constructions,
emphasizing the use of HSS and ENS methods.

One of the papers [17] compares the ENS and HSS meth-
ods in the context of the accuracy of predicting fatigue strength
of welded joints, which is a significant contribution to the field
of engineering research, especially given the influence of geo-
metric heterogeneity and welding defects. Confirmation of the
advantage of the ENS method over HSS in the accuracy of pre-
dicting the mentioned parameter allows a more appropriate ap-
proach to choosing a method depending on the specifics of the
problem. At the same time, quite significant modeling and cal-
culation costs associated with the application of the ENS meth-
od may reduce its applicability due to resource constraints.

The performed study of fatigue processes in root cracks of
welded joints on cross beams of orthotropic bridges [ 18] is rel-
evant for increasing the endurance and improving the safety of
bridge structures. The HSS and ENS methods used for fatigue
strength assessment in the context of exploiting a new genera-
tion of orthotropic bridges with increased deck plate thickness
broaden understanding of the influence of various factors on
fatigue strength. The scientific results described in the men-
tioned paper testify to the importance of considering local
stresses and geometric peculiarities of welded joints when the
fatigue life of bridges is to be improved. By limiting the research
to orthotropic bridges only, it is impossible to fully envisage the
potential applications of the results in other industries.

Assessing the fatigue response of welded joints in pipe
constructions to multiaxial loads [19] can be considered cru-
cial for various engineering needs. Here, a new perspective is
proposed on the applicability of standard assessment methods,
in particular HSS and ENS, under multiaxial stress conditions
as typical for tubular structures. The conclusion about the po-
tential or actual excess efforts in the development of models
when using HSS and ENS methods, given certain multiaxial
loading conditions, may be key to the choice of analysis meth-
ods. However, insufficient opportunities to compare the re-
sults of study with experimental data and limited information
about alternative assessment methods have a negative impact
on the completeness of the analysis.

Studying the influence of axial misalignment of construc-
tion elements on the fatigue strength of welded joints is very
important when it comes to the reliability of welded construc-
tions [20]. The study of cases of macrogeometric imperfection
of joints and the relationship of such phenomenon to the fa-
tigue strength of these objects after their processing by HFMI
method represents a significant contribution to this field of
research. The ability to compensate for the decrease in fatigue
strength through processing by HFMI method has been con-
firmed, which increases the understanding of the mechanisms
for improving this parameter. The use of a single type of steel
during the research, as well as the failure to consider the long-
term impact of operational loads on the construction, which
limits the generality of the results, has been identified as a dis-
advantage of the research.

Another study [21] has proven the importance of the
method of structural stress occurring in the so-called hot spots
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for assessing the strength of welded elements, especially when
the nominal stress is difficult to determine due to the complex-
ity of the geometric structure of the joints. This method is rel-
evant when calculating the fatigue strength of complex con-
structions. The study provides new data on the effectiveness of
using the hot-spot structural stress method, compared to other
assessment methods, and also provides evidence-based rec-
ommendations for various cases of using the proposed meth-
od. The disadvantage of the study is the limited data on the
results of specific tests, making it difficult to assess the effec-
tiveness of the method in a wide range of applications.

One of the studies on the selected topic [22] analyzes the
influence of axial misalignment of construction elements on
the fatigue strength of welded joints. The results of such an
analysis are very important to increase the reliability and oper-
ating life of the devices. The assessment methodology pro-
posed by the authors includes the use of empirical calibration
functions and local stress analysis. This methodology can be
considered an important step in solving this problem. The re-
search results may be useful for the development of safer and
more cost-effective designs, especially for welded joints made
of AH36 steel. At the same time, as in previous study, the lim-
ited analysis of objects made of one type of steel, as well as the
ambiguity in assessing the axial misalignment factors, all this
can reduce the universality of the proposed methodology.

Fatigue strength assessment of thick-walled cross welded
joints after TIG-Dressing treatment represents an important
area of research when it comes to the endurance and reliability
of constructions [23]. In this case, the system analysis of the
mentioned treatment method influence on the fatigue strength
of such joints expands the existing knowledge; moreover, there
is a new perspective on the application of this technology. In
this study, an original approach to assess the fatigue strength of
the joint has been developed, which is based on a combination
of ENS and HSS methods. The disadvantage of the study is
the insufficient amount of experimental data and the focus on
the analysis of products made of a single type of steel, which
may reduce the consistency of the results.

In the framework of a scientific study presented in another
paper [24], a detailed testing of a methodology, based on the
use of maximum principal stress values to analyze the fatigue
strength of welded joints under the influence of multicompo-
nent forces, has been conducted. The subject matter of this
study is quite relevant in the context of improving available
methodologies for assessing the fatigue strength of objects. As
an alternative approach, it is proposed to use the equivalent
stress values according to the von Mises yield criterion in the
analysis, which indicates an innovative way of studying the
phenomenology of multicomponent stress states. As can be
seen, the research results convince us of the need to give spe-
cial importance to the use of methods based on the maximum
principal stress parameters in the object, as such studies ac-
quire important practical significance.

Problem formulation. The available literature and scientific
publications do not fully cover the theoretical basis and practi-
cal aspects of using the Hot Spot Stress and Effective Notch
Stress methods. Perhaps the reason is their complexity, the
need to take into account many factors influencing fatigue
processes in metal, or the novelty of the subject matter. The
algorithms for implementing the methods were developed
based on empirical data, which are not capable of representing
all possible operating conditions. The diversity of welded joint
geometric structures and loading conditions creates certain
difficulties in standardizing methods and generalizing results.

It follows from all said that development and substantia-
tion of the methodology for calculating the endurance of sin-
gular stress concentrators in welded joints of the tubbing erec-
tor mechanism is an actual scientific task.

The research purpose is to develop and substantiate meth-
odologies for assessing the welded joint endurance in tubbing
erector mechanisms based on digitally modified Hot Spot

Stress and Effective Notch Stress methods, which may con-
tribute to improving the accuracy and reliability of calculations
in modern engineering applications.

As shown by the data in Fig. 2, singular concentrators oc-
cur in the transverse and longitudinal stiffening ribs of the
construction, respectively.

The welded joints in the tubbing erector mechanism
(Fig. 2) correspond to the reference constructions (Structural
Detail) described in [16] under numbers 521 (Fig. 4, a) and
511 (Fig. 4, b), respectively, with FAT N numeric codes,
where N is the maximum permissible stress, caused by influ-
ence of two million symmetric load cycles.

Fig. 4, a shows a scheme of a welded joint with a longitudi-
nal rib and a connecting weld around its end.

‘When making welded joint No. 511 (Fig. 4, b), it is recom-
mended for FAT100 class steel that the edges be finished, and
for FAT80 — not finished.

It is necessary to perform a comparative assessment of
three methods for calculating the endurance of welded joints —
taking into account the nominal stresses, as well as Hot Spot
Stress and Effective Notch Stress. As an example, reference
welded constructions Nos. 511, 521 have been studied [16].

The task set is to determine the advantages and limitations in
the use of each of the mentioned methods, as well as to develop
their possible upgrades. The key research purpose is to formulate
generalized recommendations for the effective integrated use of
the developed methodologies in the process of optimizing the
performance of designed tubbing erector mechanisms.

Endurance calculation of welded joints based on nominal
stress values. 1 et us calculate the endurance of T-formed weld-
ed joint No. 511 (Fig. 4, b), using the methodology for deter-
mining metal fatigue in welded joints and nominal stress val-
ues [16].

Input data for calculation are: plate height is # = 30 mm,
thickness is B = 60 mm, tension force is =250 kN. The nom-
inal stress is determined by the following formula, MPa

F
Gnom:ﬁ:138.9. (1)
The calculation of material fatigue strength using permis-
sible safety factor includes the following values: stress concen-
tration efficiency factor in T-formed joints (K; = 2.5); a coef-
ficient indicating the influence of heterogeneity of welded
parts in rolled products (K; = 1.1); a coefficient indicating the
influence of the overall sizes of the parts (K, = 1); a coefficient
reflecting the influence of the T-formed weld length (K, = 1);
coefficient for taking into account the welded joint surface
quality after rough machine processing (K= 0.8).
The coefficient for fatigue degree reduction in the welded
joint material, which reflects the main factors influencing the
process, is determined as follows

KCB=K,K, K,/(K,Kj) = 3.438.

Now let us consider the fatigue degree index in the equa-
tion to plot the curve of change in this parameter, provided
that the number of load cycles on the weld is less than two
million, is m = 3.

According to [16], select the ultimate strength 6, equal to
450 MPa.

The endurance limit of the base metal (steel) for a sym-
metrical load cycle is determined by the formula [16], MPa
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Fig. 4. T-formed welded joint No. 521 (a) and No. 511 (b)
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o_;=0.430c5=193.5.
Next, the endurance limit of welded parts, MPa is
6_105=6_;/KCB=56.29.

In welded parts influenced by load cycle asymmetry, the
endurance limit corresponds to this dependence, MPa

or=20_jcp=112.6.

The permissible safety factor value in the zone surround-
ing the weld of the base metal of machine-building construc-
tions [S,] is set in the range of 1.40—2.50.

Now calculate the welded joint endurance based on the
nominal stresses using this empirical dependence [12]

NZ:NG[G Gfs }] ,

where Ny is the base cycle number (Ng=2.7 - 10°%).

Fig. 5 shows the dependence curve of the welded joint en-
durance N, determined on the basis of nominal stresses on the
safety factor value in the weld zone [.S,]. When calculating the
joint endurance, we assume that [S,] is 1.40; 1.95 and 2.50.

Using regression analysis, it is possible to determine a rela-
tionship between the welded joint endurance Nz and the per-
missible safety factor [So], which has the following form

NS,]) = (2.13=1.659 - [S,] +0.3357-[S,]?) - 10°,

where [.S;] is the permissible safety factor of machine-building
constructions ([S;] = 1.4—2.5).

Conclusions. From the analysis of the results of calculating
the welded joint endurance, performed on the basis of nomi-
nal stresses, it follows that the parameter N, value is indepen-
dent of the design of the T-formed joint and the geometric
parameters of the weld. The method does not reflect local
stresses near the welds, the geometric shape and heterogeneity
of the welded joint.

These disadvantages indicate the necessity for more compre-
hensive methods for calculating this parameter, capable of taking
into account the influence of local stresses, joint configuration,
stress concentration effects, microstructural peculiarities of ma-
terials, as well as complex operating modes of the construction to
improve the accuracy and reliability of the research results.

Welded joint endurance calculation using the Hot Spot Stress
method [16]. Here it is proposed to determine the equivalent
stresses using reference lines drawn at a distance of 0.5 and 1.5¢
from the hot spot, where 7 is the rib thickness. It has been de-
termined that the computational mesh size is equal to 7. Using
the found values of these stresses, a linear extrapolation can be
used to calculate the stress in the welded joint hot spot as fol-
lows: Cpss = ].560‘5 - 0.561‘5.

The Hot Spot Stress method is used to calculate the endur-
ance of the T-formed welded joint No. 511. For this purpose,
we focus on a model of T-formed welded joints in a plate,
which has sizes of 30, 60 and 400 mm and a transverse rib at-
tached to it (Fig. 4, b), as well as on a model of a plate with a
longitudinal rib (Fig. 4, @). Assume that the rib height is taken
to be 100 mm. The following boundary conditions are added to
the calculations: on the left plate end there is a ban on normal
movements towards it, on the right — a tension force of 250 kN.

Perform several computational experiments.

N, cycle
410 \ HSS
3-10°
2:10° ~J
. S
! 100 1.444 — |[Sc]
11 14 17 20 23 26

Fig. 5. Dependence curve between N, and |S,] parameters

Computational experiment No. 2. Fig. 6 shows the results of
calculating equivalent stresses in a T-formed welded joint with
a transverse rib. The calculation is performed according to
[16]. As can be seen, along the plate, the zone of influence of
hot stresses does not exceed 5 mm. At a distance of 0.5¢, the
stresses will be equal to nominal (139 MPa). This means that
recommendations for choosing the parameter # and the com-
putational mesh size are not correct.

On the other hand, it can be seen that the zone of hot spot
influence is comparable to the weld leg size. Moreover, the
larger this size is, the larger the zone of the hot spot influence.
When determining stresses using linear extrapolation, it is
necessary to comply with the condition that at least one of the
reference lines is located in the zone of the hot spot influence.

Computational experiment No. 2.2. Modify the Hot Spot
Stress method. For this purpose, by performing a calculation
using finite element applied to the weld edge, the mesh size
is found to be 0.05b, where b is the weld leg size. The maxi-
mum equivalent stresses o, sand o5 are determined using
reference lines (Fig. 7) drawn at a distance of 0.56 and 1.5
from the hot spot.

Equivalent stresses in the welded joint hot spot should be
calculated using linear extrapolation, namely

Opyss = 1.5005—0.501.5. (2)

The endurance of a welded joint with a transverse rib

(Fig. 5) is calculated using the equivalent stress values in the

hot spot, found on the S—AN curves with the FAT100 numeric
code [16], that is, cycle

100MPaY’
} . (3)

Spss

NHSS:2-106-(

Computational experiment No. 2.3. Determine the depen-
dence of the parameter N 45 0on the parameter b. To do this, in
the model with a transverse rib (Fig. 4), its thickness is succes-
sively changed as follows: 30, 20, 15, 4 mm (DSTU-
NBA31-16), and the weld leg height — 8, 7, 6, 5, 4 mm. Equi-
valent stresses in the hot spot are calculated by formula (2),
and welded joint endurance by formula (3). The calculation
results are presented in Table 1.
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Fig. 6. Stress field in a welded joint when the rib thickness is
30 mm and the weld leg is 8 mm
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Fig. 7. Stress field in a T-formed joint:

a — equivalent stress distribution; b — reference line
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Table 1

Dependence of the T-formed welded joint endurance with a
transverse rib Ny on the weld leg height b

Calculation b, Nyss,
No. mm cycles

1 4 4.538 - 10°
5 4.353-10°
6 4.605 - 10°
7
8

4.929 - 10°
4.448 . 10°

2
3
4
5

From the data analysis in Table 1, it can be seen that the
Nyss welded joint endurance is practically independent of the
weld leg height b and is on average 4.575 - 10° cycles.

Fig. 5 compares data on the average welded joint endurance,
determined by the modified Hot Spot Stress method, as well as
those obtained using the calculation method, where nominal
stresses are introduced. A comparison shows that both types of
results are almost in the same range, which confirms the cor-
rectness of the developed Hot Spot Stress method modification.

Computational experiment No. 2.4. 1n literary sources [16],
it is determined that in steel T-formed welded joint No. 521,
depending on the longitudinal rib length /, the following nu-
meric code values should be taken: / < 50 mm — FATS80; / <
< 150 mm — FAT71; [/ < 300 mm — FAT63; [ > 300 mm —
FAT50. To test this recommendation, perform a computation-
al experiment by determining the maximum equivalent stress-
es in a welded joint with a longitudinal rib, and the weld leg
height is 7 mm (Fig. 8). In the calculation, different longitudi-
nal rib length values / are taken (Table 2).

Fig. 8 shows that the maximum stresses occur in the trans-
verse welded joints, the stresses are even lower in different
zones of the longitudinal weld.

Table 2 data analysis shows that the maximum equivalent
stress value is independent of the welded joint longitudinal rib
size. Consequently, its endurance is independent of the men-
tioned rib parameter.

Computational experiment No. 2.5. Compare the results of
calculating the endurance of welded joints having a transverse
and longitudinal rib, making them dependent on the weld leg
height b (Fig. 9).

Fig. 9 data analysis shows that the endurance of a welded
joint with a transverse rib (curve 1) is practically not affected
by the weld leg size b, and in relation to the longitudinal rib
(curve 2) this parameter increases according to a parabolic de-
pendence. The following regression models can be used to
model and analyze the ratios between variables describing this
relationship:

- endurance of welded joint with transverse rib, cycle

Npss.1 =—6.32-1004+4.68 - 10°-8-1.19- 10° - 62+

4
+1.30-10°-6°-5.25-10%- 84 @

von Mises (N/mm”2 (MPa)) — 0.000

{Max: [239.658

Fig. 8. Equivalent stress field of the transverse weld, when the
longitudinal rib length is | = 400 mm, in T-formed welded
Jjoint No. 521

Table 2

Dependence of the maximum equivalent stresses in the
transverse weld hot spot on the longitudinal rib length

Calculation . -
No. b =
1 N 233.5
2 o 239.1
3 - 239.6
4 = 239.7
6:10° Niss, cycle
4105 — ;
3108 U 2
2:10° keeresnsmeneer b, .

4 5 6 7 8

Fig. 9. Curves of changes in endurance of Nygs welded joints
depending on the weld leg size b, mm:

1 — transverse rib; 2 — longitudinal rib

- endurance of welded joint with longitudinal rib, cycle
Nyss.»=3.35-100-2.24-10°- 8+ 5.85 - 10°- 8% -
—6.56-10*-68°+2.82-10°- 6%,

where 6 is dimensionless weld leg (6 = 5/1 mm).

Conclusions. Based on the analysis of the results of compu-
tational experiments 2.1—2.5, performed using the Hot Spot
Stress method, the key factors influencing the accuracy of cal-
culating the weld endurance have been identified.

For the first time, it has been found that recommendations
on the choice of the rib thickness parameter ¢ and the finite-
element mesh size are not correct.

The calculation of the mentioned parameter using FEM
should be performed in application to the weld edge, and the
finite element mesh size should be 0.05 - b, where b is the weld
leg height. The maximum equivalent stresses o5 and o s
should be determined using reference lines drawn at a distance
of 0.5h and 1.5 from the welded joint hot spot.

It has been confirmed that the results of calculations of the
stress-strain state occurring in the joints, performed using
modified Hot Spot Stress method, are well consistent with
those obtained by calculating based using nominal stresses
(Fig. 5), which confirms the correctness of the developed
modification of the method.

It has been found that the endurance of a welded joint
with a transverse rib Nygg, almost does not change at the
weld leg height b, and under the influence of a change in the
longitudinal rib length, the weld Ny, endurance increases
according to parabolic dependence on the weld leg size b
(Fig. 7).

The value of the maximum equivalent stresses occurring in
T-formed welded joint No. 521 does not depend on the longi-
tudinal rib length (Table 2).

Welded joint endurance calculation using the Effective Notch
Stress method. Fig. 10, a shows a scheme for a stress concentra-
tor in the form of a weld edge with a radius of curvature R,
equal to zero. If such a condition applies, then the stresses in
the concentrator tend to infinity.

When calculating endurance using Effective Notch Stress
(ENS) method, in [16] it is proposed to select an effective
curvature radius R, value equal to 1 mm (Fig. 10, ). To as-
sess the stress fatigue of a material, determined under the
proposed conditions, it is necessary to compare it with a
single S—N fatigue curve corresponding to the FAT225 nu-
meric code.

)
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a b

Fig. 10. Effective value of the curvature radius Rgyg made on
the stress concentrator

Now consider how the recommendations described in [16]
are consistent with the computational experiment results.

For this purpose, determine the dependence between the
weld endurance value calculated using £N.S method, NENS and
the curvature radius RENS effective value, the weld leg height b
and the welded joint type (reference samples 511 and 521).

The conditions for conducting a computational experi-
ment are taken from paragraph 1 of this paper (plate sizes are
30, 60, 400 mm, it can have a transverse rib (Fig. 4, a) or a
longitudinal rib (Fig. 4, b), the height of which is 100 mm.
Rib thicknesses of 30, 20, 15, 4 mm and the following weld
leg sizes of 8, 7, 6, 5, 4 mm are set according to DSTU-
NBA31-16.

Computational experiment No. 3.1. Determine the depen-
dence of the NENS weld endurance value, calculated using the
ENS method, on the curvature radius Re. Use the algorithm
described below.

1. For comparison, the HSS method (Fig. 11) is used to
calculate the endurance of the reference welded joint sample
No. 511 (with a transverse rib) (Fig. 12).

2. Then, several curvatures of this weld edges are sequen-
tially modeled (Fig. 11), using a finite element mesh, whose
cells are equal to 0.2 Rgys of the curvature radius. After that,
the maximum equivalent stresses ozyg are calculated and the
endurance of Ngyg welds is determined by the ENS method,
taking into account the FAT225 numeric code. If the Nyggen-
durance value is in the range between the two Ngyg values al-
ready calculated by this method, then linear interpolation is
used to find the curvature radius [Rgys|, which would corre-
spond to the mentioned parameter values calculated using the
HSS and ENS methods.

3. To clarify the curvature radius [Rpys], a verification cal-
culation is performed and the error in the results of using two
methods is found in determining the weld endurance. If nec-
essary, additional experiments with varying curvature radius
values are conducted.

6510 N, cycle

> | NENS/

6.0-10 =

5.5'10< / N

5.0-10 =

4.5°10° // R
4.0'10° [Res] g, 1M

08 09 10 L1 12

Fig. 11. Dependence of the Nyss and Ngys weld endurance in

reference sample No.511, calculated using the HSS and

ENS methods, on its curvature radius RENS

[ At

Fig. 12. Rounding the weld edge in a transverse rib

4. Repeat steps 2—3, using the changed values of the weld
leg height b.

5. Next, a series of computational experiments similar
to those described above is conducted with the reference
welded joint No.521 (with a plate having a longitudinal rib)
(Fig. 13).

The results of computational experiments are shown in
Fig. 14. As can be seen, near the legs of welds with a trans-
verse rib, the curvature radius [Rgyg|, determined from the
condition of coincidence of the endurance values calculated
by two methods (ENS and HSS), differs significantly from
that accepted in the literature [16]. The dependence of the
curvature radius [Rgys] on the weld leg height b is close to
linear, but examination of the longitudinal plate rib shows
that the increase in the curvature radius [Rpys] occurs more
intensively.

To model and analyze the relationships between the curva-
ture radius [Rgys] and the weld leg b, the following regression
models can be used:

- the curvature radius with the welded joint leg of the plate
having a transverse rib, mm

[Rpns]y = (~17.936 + 12.306 - 8 — 3.046 - 62 +
+0.333-6%-0.013 - 8%);

- the curvature radius with the welded joint leg of the plate
having a longitudinal rib, mm

(6)

[Rensl=(5.105-3.454 -8+ 0.983 - 82—

7
—0.117 - 83+ 0.005 - 8%. )

Test how the external load influences the recommended
curvature radius values determined using the ENS method,
[REns], when b is the specified weld leg height. Let the relative
curvature radius be

1
=[Reysl—
p [ ENS]b

For comparison, take the reference sample No. 511
(Fig. 15). Perform computational experiments with the follow-
ing conditions: tension force Facquires the values of 125; 187.5
and 250 kN. In this case, the value of 250 kN corresponds to
the safety factor beyond the yield strength, that is, K, = 1.5.
Weld leg is § mm.

Fig. 13. Rounding the weld edge in a longitudinal rib

R > mm
1.5 [Rens]
2
1‘0 ................ -, .
1
0.5~ ,{‘
; 6

4 5 6 7 8

Fig. 14. Change in the curvature radius |Rgys| near the weld
leg, in particular, depending on its height:
1 — when a plate edge is transverse; 2 — when longitudinal
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Fig. 15. Dependence of the relative curvature radius p on the
safety factor taking into account the yield strength of the
material K,

It follows from the analysis of the computational experi-
ment results that when the load changes by 2.5 times according
to the theory of elasticity, the ratio of the curvature radius val-
ues and the weld leg height changes by no more than 1.5 %,
since this is due to a calculation error. Therefore, the relative
curvature radius value p is practically independent of the ap-
plied load value.

Now, we use the proposed methodology for calculating the
weld endurance in the tubing erector mechanism.

To do this, consider the weld of one of the parts (Shoulder)
of the mentioned mechanism, shown in Fig. 16. When the
mechanism operates, a stress-strain state occurs here, similar
to that present in reference weld sample No. 511 (Fig. 7). The
height value of the weld legs b, on the edges of which singular
stress concentrators are located, is 8 mm.

The calculation uses a modified Hot Spot Stress method.
But first, use the finite element method. To do this, we apply a
finite element mesh to the weld edge, the size of which is
0.05 - b, where b is the leg height of this weld. The maximum
equivalent stresses 6,5 and o5 should be determined using
reference lines drawn at a distance of 0.56 = 4 mm and
1.56 = 12 mm from the weld hot spot (Fig. 16).

Fig. 16 data analysis shows that the stress distribution in
the tubing erector element (in contrast to the stress-strain state
in reference sample No. 511 (Fig. 9)) along the weld edge
changes by 2.3 times.

For calculation, we take the maximum stress values deter-
mined using the corresponding reference lines, that is: 6,5 =
=139.8 and o, 5= 127.5 MPa.

The calculation of the equivalent stresses in the hot spot is
determined using linear extrapolation (2), namely 55 =
=1.5645—0.56,5=145.95 MPa.

The endurance of the welded joint, where there is a trans-
verse rib, is determined using the found equivalent stresses in
the hot spot and focusing on the S—AN curves with the FAT100
numeric code value, namely, cycle

267332 \

Parametric Distance von Mises [ 267-332

«es VoD Mises (MPa) " (N/mm*2 (MPa)) [l 240.629

0348485, 4500 () \ 213927

o 187.224

160.521

133.819

: 107116

600 — 80413

§ 7000204 06 08 10

£ Parametric Distance 53711
= von Mises (MPa) -27.008
0793939; 49375 (b) P8

Fig. 16. Changes in the stress field of the tubing erector element:

a — an equivalent stress curve corresponding to the reference line,
drawn at a distance of 4 mm from the hot spot; b — an equivalent
stress curve corresponding to the reference line, drawn at a distance
of 12 mm from the hot spot

100 MPa

G hss

3
Nmzz-wﬁ( ] =6.433-10°.

For comparison, it should be noted that the calculated
weld endurance of reference sample No. 511 is 5 - 103 cycles
(Fig. 7). Consequently, the error of the result obtained, if com-
pared with the above calculated one, is 29 %.

Calculate the weld endurance (Fig. 17) using the ENS
method. The curvature radius value [Rgys] is taken from the
data in Fig. 9 or determined using equation (6). Therefore,
[Reys] = 0.95 mm. Assume that the finite element mesh size is
0.19 mm (Fig. 17).

Then the stress value is oy = 300.5 MPa and the weld
endurance, cycle, is

News = (azs/0pys)™ = 8.395 - 10°;
Nyss = (as/0yss)" = 6.433 - 10°.

As can be seen from Fig. 17, if the weld curvature radius
along the length of its edge varies in a wide range, then the
maximum stress value is ogys = 300 MPa. Using the ENS
method and taking into account the FAT225 numeric code,
the weld endurance can be determined as follows, cycle

FAT?225

3
J =8.4-10°.
Ogns

NENS:[

The endurance value just found is 23.4 % higher than that
determined by the HSS method. This is because the curvature
radius R, is determined according to the scheme of reference
sample No. 511 (Fig. 13), and in it the equivalent stress inten-
sity along the weld does not change, while in the Shoulder link
scheme a change in the stress distribution along the weld edge
is provided for by 2.3 times (Fig. 12).

Summarizing the results of computational experiments,
the following methodology can be proposed for calculating the
endurance of singular concentrators in the welded joints of the
tubing erector mechanism.

1. The operating life of a construction is calculated using
the finite element method, while determining stress concen-
trators (hot spots).

2. Stress concentrators are divided into two groups, and a
reference weld sample is taken from each of them (Fig. 4).

3. A modified Hot Spot Stress method is used. First, using
FEM, the equivalent stresses are determined at the locations of
the parting lines drawn from the hot spot connection at a distance
of 0.56 and 1.5b, where b is the weld leg size, and then the stresses
in the hot spot itself are calculated. In this case, the welded joint
endurance is determined depending on its scheme and the cor-
responding FAT N numeric code given in the literature [16].

300468
270.440
240412
210.384
180.356
150.329
120.301
90.273
-60.245
-30.217

—0.189
\ von Mises
))) (N/'mm”2 (MPa))

Fig. 17. Scheme of the stress field in the tubing erector element:
a — curvature radius; b — maximum equivalent stress values
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4. When calculating the parameters using the Effective
Notch Stress method, initially, the FEM is used for the area of
rounding in the hot spot. In this case, the curvature radius val-
ues [ Rpys| are taken according to the weld leg height b (Fig. 14),
or according to equations (6) or (7), taking into account refer-
ence welded joint samples No. 511 or No. 521.

5. Having compared the calculated endurance values, the
lowest value is taken as the basis for assessing this parameter in
the entire construction.

Welded joints can be specific, so it is not possible to select
a standard for them, and then the endurance calculation is
performed only using the Effective Notch Stress method. In
this case, the curvature radius value is taken from the previ-
ously performed concentrator calculation or in the range of
values 0.35—1.2 mm.

Conclusions.

1. The relevance of the research conducted here stems
from the need to improve the reliability and endurance of
welded joints in important constructions of the tubing erector
mechanisms. Despite considerable progress in this issue, chal-
lenges inevitably arise related to accurate prediction of equip-
ment operating life, in particular, in the context of the occur-
rence of singular stress concentrators in it. The analysis of
stress distribution in welded joints indicates the occurrence of
both regular and singular stress concentrators in them. This
confirms the need for a detailed study of their impact on the
endurance of constructions.

2. A comparative assessment of the endurance calculation
results, obtained using the Hot Spot Stress and Effective
Notch Stress methods and taking into account nominal stress-
es, shows that accurate prediction of the endurance of welded
joints is possible provided that the specifics of stress concen-
trators and the influence of external factors on these elements
are known.

3. It has been determined that standard recommendations
for selecting the rib thickness parameters and the size of com-
putational mesh elements may be insufficient to adequately
reflect the influence of singular stress concentrators on the en-
durance of welded joints.

4. The effectiveness of the modified combination of the
Hot Spot Stress and Effective Notch Stress methods has been
confirmed by good convergence of the calculated data with the
experimental results, which opens the way to optimize the de-
sign of technical objects.

5. It has been determined that the endurance of welded
joints does not depend on the weld leg height, which indicates
the importance of the correct choice of calculation methods to
assess this characteristic of the construction.
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Po3paxyHoK J0BroBiYHOCTI 3BapHMX
3’€lHaHb Y MeXaHi3Mi TIOOIHroyKjIamaya
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Merta. Po3po0sieHHs i1 HayKOBe OOTPYHTYBaHHS METO/I0-
JIOTii BU3HAYEHHSI JOBrOBIYHOCTI 3BapHUX 3’€IHAHb ITiJ Yyac
podOoTH MeXaHi3MiB TIOOIHTOYKJIaauiB, 3 ypaxyBaHHSIM YHi-
KaJIbHUX YMOB iXHbOI eKCILIyaTallii, 30KpeMa IIiJ BILJIMBOM
nuBepcudiKOBAHUX TUTTIB HABAHTAKEHb.

Metoauka. Y nocCiimKeHHi Oy BUKOPUCTaHI SIK Teope-
TWYHI MiIXOOW OO0 BU3HAYEHHS BIJIMBY HaBaHTaXKeHb, TaK i
eKCIeprMMeHTabHi MeToau. 30KpeMa B MOJEJIIOBaHHI Ha-
MPYXeHO-NehOPMOBAHOTO CTaHY Y 3BapHMX 3’€MHAHHSIX 3
BUSIBJICHHSIM MicCIlb KOHIICHTpAllil HarpyXeHb OyB 3aCTOCO-
BaHMII METOJI CKIHUEHHUX eJeMeHTiB. [1J1s olliHIOBaHHS 10B-
TFOBIYHOCTI 3’€IHaHb 3aCTOCYBaJIM HaMiBeMITipU4YHi METOAU
po3paxyHKy, 3okpema Hot Spot Stress i Effective Notch
Stress, i3 MoJaabLIMM MOPIBHSUIBHUM aHaJIi30M OTPUMAaHUX
pe3yJbTaTiB.

Pesyabratu. Byio Bu3HaueHo, 1110 TpaauliiiHi peKOMeH-
Jallii CToOCOBHO BUOOpPY MapaMeTpiB IJIsl pO3paxyHKy Harpy-
JKeHb y TeXHIYHUX 00’ekTax MmetomoM Hot Spot Stress He 3a-
BXXIM aleKBaTHI BCIM CIieHapissM HaBaHTaXeHHs. 3amporo-
HOBaHO MoAM(IKOBAaHUI MiAXia JO OLIHIOBAaHHS JOBIrOBiU-
HOCTi 3BapHUX 3’€IHaHb, B IKOMY iHTerpoBaHi metoau Hot
Spot Stress i Effective Notch Stress i BpaxoBaHa crienudika

CUHTYJISPHUX KOHILIEHTPATOPiB HampyxeHb. Ha ocHOBI aHa-
JIi3y pe3y/bTaTiB OLIHIOBaHHS 3a0e31evyeHa Oiibllia TOYHICTh
Yy IPOTHO3YBaHHi JOBrOBIYHOCTi 3BapHUX KOHCTPYKILill. Exc-
MEePUMEHTAIbHI JOCIIIXKEHHS BUSIBUIU 3aJIEXHICTh BEJIMYUH
HanpyXeHb, 1110 BUHUKAIOTh y 3BapHMX 1IBaX, Bill iXHiX reo-
METPUYHUX MapaMeTpiB, 110 JO3BOJIWIO YTOUHUTU KPUTEpil
OLIiIHIOBaHHS MilIHOCTi 3’€JHaHb 3a OMOMOro0 MoauGiKo-
BaHoro Metony Hot Spot Stress i metomom Effective Notch
Stress.

Haykosa HoBu3Ha. OCKiJIbKY TpaauIliiiHi CITocoOu BU6O-
py mapameTpiB, MOTPiOHUX UISI BUSHAYEHHSI HaAMpyXXeHb Yy
3BapHMX 3’emHaHHSIX MeTomoM Hot Spot Stress, He 3aBXnu
BiMOBiZAIOTh PI3HUM TUIIAaM HaBaHTaXeHb, TO BUHUKAE TO-
Tpeba B po3pobsieHi Moan(iKOBaHOTO MOETHAHHS IBOX Me-
toniB, Hot Spot Stress i Effective Notch Stress, 1110 n1ae Mox-
JIUBICTh agamnTyBaTH OOYMCIIEHHS O CIEeUM(MIKU CUHTYJISP-
HUX KOHIIEHTPATOPiB HaIpyXeHb y 3BapHUX 3’€THAHHSIX.
Y oMy it nossira€ HOBM3HA AOCIIIKEHHS.

IIpakTyna 3HauumicTh. Pe3ynbrat mociimkeHHST Mo-
KYTbh OyTU BUKOPUCTaHI B MAlLIMHOOYAYBaHHI /U151 ONITUMIi3a-
111 TPOEKTIB CTBOPEHHS 3BAPHUX KOHCTPYKIIilA, MiABUILIEHHS
IXHBOI IOBrOBIYHOCTI i HaAikHOCTI. [IpormoHOBaHiI MeTOAMKA
PO3paxyHKy J03BOJISIIOTh TOYHillle BUSHAYATU BEJIMYUHU €K-
BIBaJICHTHUX HAIIPYXEHb Y <«TapsyuMx» TOYKAX 3BApPHUX
3’€[lHaHb i MPOrHO3yBAaTU iXHIO JOBTOBIYHICTh 3 OIJISIAY HA
peajibHi BUpOOHMYI yMOBHU eKCITyaTalii 00JlaqHaHHSI.

KitouoBi cioBa: cuneyaapri koHyenmpamopu Hanpyicetn,
3eapui 3’eonanns, memod Hot Spot Stress, memoo Effective
Notch Stress, doeeogiunicms 36apHux 3’€0HaHb, MEXAHIZM MIO-
bineoykaadaua
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