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Numerical Simulation and the Improved Welding
of Storage Tank Heads with Respect to Minimised
Welding Strains

Abstract: The article presents results of Sysweld software programme-based tests involving the use of numerical
simulation in the improvement of the welding of a storage tank head with respect to the minimisation of welding
strains (distortions). The development of CAD models and mock-ups used in the FEM analysis was based on drawing
documentation. The numerical simulation concerning the distribution of the field of displacements in the storage tank
head was performed for four models, involving various welding sequences and directions. Related analyses involved
the initial model applied in the technology currently used in the fabrication of storage tank heads as well as three new
models (of welding sequences and directions). The comparative analysis, involving the initial model and the three new
models, was concerned with different values of displacements in all directions (X, Y and Z) and at all characteristic
points of the storage tank head. The simulation results revealed the existence of correlations between welding sequence
and directions and varied distributions of fields of displacements (strains/distortions). Post-weld distributions of fields
of displacements in the initial model and models 2-4 were characterised by varied values of displacements, yet also by
the similar nature of tank head stress-triggered distortions. Dimensionally relevant displacements (distortions) of the
storage tank head were observed in direction Z (i.e. direction perpendicular to the surface). In all the models subjected
to analysis, the greatest displacements were identified in the areas of storage tank head nodes. Selected welding stages
in the initial model were characterised by greater displacements than those observed in models 2-4. In line 1, higher
values were observed at stages 8-10, 12 and 13. In turn, in line 2, higher values were observed at stages 8-10. In addition,
inline 2, stages 11-14 were characterised by greater displacements in the initial model if compared with those identified
in models 3 and 4. The FEM-based analysis of the tank head enabled the qualitative verification of tank-related welding
schemes in terms of welding strains.
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1. Introduction -named areas lead to the formation of stresses inducing the
formation of welding strains [1].

Importantly, welding strains can be present along every
direction. For instance, strains in longitudinal and trans-
verse directions lead to the formation of the so-called twi-
sts. Designers of welded structures and welding engineers
have numerous tools and methods making it possible to
reduce the presence of welding strains or minimise their
adverse effect on welded joins. The aforesaid tools and me-
thods are, among other things, the following [1]:

« design of structures containing a minimum number of

Welding stresses and strains are some of the more im-
portant issues accompanying the fabrication of welded
structures, particularly large-sized ones and characterised
by complicated shapes.

A common feature of all welding methods is the use of a
heat source aimed to melt the filler metal and form a liquid
metal pool, which, after fast cooling, will form a weld. The
heat source affects also the remaining areas of the welded
joints, in particular the nearby areas of the base material of welded joints (welds),
elements subjected to welding. Usually, such a situationle- | [odquction of cross-sections and lengths of welds,
ads to unfavourable changes including the formation of the . | ce of intermittent (skip) welds,
hard and brittle heat affected zone (HAZ) or welding stra- . |;se of two-sided butt welds,
ins, which after exceeding a critical value, may trigger the . ayoidance of the crossing of welds,

formation of cracks. Factors accompanying the welding . appropriate methodology applied when preparing ele-

thermal cycle, such as fast heating and cooling, changes of ments to be joined,

values of mechanical parameters as well as phase transfor- - use of appropriate welding methods and beading tech-
mations in the heat affected zone (HAZ) contribute to the niques,

mechanical interaction of adjacent elements of the welded  + use of backing strips or other elements aimed at the for-
structure. Significantly varying temperatures of the above- ced cooling of a joint being welded,
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- use of counterstrain,
- mechanical stress relief (initial stiffening).

When designing welded structures it is necessary to stri-
ve after the minimum number of welds, e.g. by using hot-
-rolled or cold-bent sections (angle sections, T-bars, U-bars
etc.) as components. The excessively high energy of the
entire welding process, resulting from a large number of
welds, can be decreased by reducing the length and cross-
-sections of welds, without compromising the obtainment
of appropriate mechanical properties of welded joints. The
length of welds can be limited by means of rolled sections.
A decrease in weld cross-section (in some justified cases)
can be obtained by using incomplete butt welds. Favoura-
ble results arising from the reduced welding thermal cyc-
le effect can be achieved by making intermittent welds.
However, it should be noted that such a solution cannot
be applied in welded structures exposed to variable loads
or to an aggressive corrosive environment. The “replace-
ment” of the one-sided weld with the two-sided one favo-
urs the reduction of welding strains and is related to the
effect of appropriate welding sequence. The appropriate
division of a given structure into individual elements (sub-
sequently joined/welded) is another method enabling the
reduction of welding strains. The above-named solution
should be applied by design engineers at the design stage
and, afterwards, analysed by welding engineers and tech-
nologists. It is particularly important to avoid the crossing
of welds. The beading technique also significantly affects
the level of welding strains. Stepped segmental backward
welding significantly reduces welding deformations. Ano-
ther frequently used method enabling the minimisation of
welding strains involves the application of the so-called co-
unterstrain. The appropriate adjustment of counterstrain
value enables the making of welded structures of required
shape and dimensions. In cases of large and complicated
welded structures, the fabrication of which is characteri-
sed by the variety of short and long welding thermal cycles,
a good method enabling the minimisation welding strains
consists in the use of mechanical stress relief. The reduc-
tion of (internal) welding stresses is obtained by imposing
an appropriate external load to the welded structure. The
achievement of the aforesaid result requires the satisfac-
tion of a condition, where the sum of stresses derived from
external load(s) and internal stresses must equal the yield
point of a material subjected to welding [1, 2].

Welding strains depend primarily on the cross-section of
the weld, rigidity, the size of the structure and a heat input,
directly connected with a given welding method. The re-
duction of a heat input translates into a smaller liquid me-
tal pool, which, in turn, leads to smaller thermal shrinkage
and, consequently, the reduction of stresses and/or strains.
The use of appropriate methods (such as CMT, ColdArc,
STT, CBT and HLAW [2]) enables the reduction of internal
stresses in welded elements. Notably beneficial in this re-
spect can also be the use of pulsed current of variable pola-
rity in low-energy welding methods such as AC Pulse, Cold
Process and CMT Advanced [3-6].

The total elimination of post-weld stresses is difficult, if
not impossible. However, it is necessary to try and reduce
their effect on the quality of welded structures. Welding en-
gineers can use many solutions enabling the achievement
of the aforesaid goal and including both thermal and me-
chanical methods. The minimisation of the effect of fac-
tors triggering the formation of welding strains can also
be achieved through the appropriate selection of welding
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process parameters. Yet, such activities usually entail in-
creased investments and extended production time [7, 8].

The development of computer-aided simulation techni-
ques enabled the increasingly frequent application of we-
lding processes simulation aimed to optimise and improve
the fabrication of welded structures. The use of cutting-
-edge software programmes for the numerical simulation
of phenomena and processes present during the welding
process makes it possible to shorten the time necessary for
the development of technologies used in the fabrication of
welded structures and reduce fabrication-related expenses
[9, 10].

Numerical simulations are used in relation to such we-
lding methods as MIG [7, 11, 12-15], MAG [12, 14, 17, 19],
TIG [9, 12, 20-23], NG-TIG [12], TIG-MIG [24] and EBW [12].

Various software programmes (e.g. ABAQUS [7-9, 19, 23,
25], ANSYS [13, 15, 17, 20, 21, 26] or SYSWELD [7, 12, 22, 27])
applied in the numerical simulation of welding processes
are based primarily on the Finite Element Method (FEM),

Because of many complicated calculations, the numeri-
cal simulation of the welding process requires the use of
computers characterised by high computing power. The
time of numerical simulation can be reduced using various
simplifications. For instance, axisymmetric models or mo-
dels containing 3D elements can be replaced with models
containing 2D elements [7, 10, 18, 27].

The numerical simulation of the welding process should
enable the obtainment of results as similar to those obta-
ined in the actual welding process (physical simulation) as
possible. However, as emphasized by the authors of works
[13, 23], the foregoing necessitates taking into considera-
tion many variables describing the heat source, welding
method and its technological parameters, welding joint
geometry, beading technique as well as the number and
type of restraints (stiffeners). The foregoing is particular-
ly problematic in relation to large-sized welded structures.
When analysing deformations and welding strains of large-
-sized structures, the authors of publications [8, 19] obse-
rved the high consistence of numerical simulation results
with those obtained under actual welding process condi-
tions (physical simulation).

The authors of publication [28] presented results of nu-
merical analyses concerning the welding of storage tanks,
drawing readers’ attention to the use of the Finite Element
Method (FEM) in the identification of welding strains in
large-sized structures. In spite of the high complexity
of the welding process it is possible to perform a precise
FEM-based thermo-mechanical analysis, yet its application
is limited to small elements [29-32].

The modelling and calculations concerning large struc-
tures is a very time-consuming process. In order to reduce
the aforesaid time it is possible to use solutions consisting
in the simulation of specific welding thermal cycles in sub-
sequent, previously selected, segments of the joint.

The study contains results of tests concerning the use of
the FEM-based simulation of the welding process aimed at
the minimisation of welding strains in the large-sized sto-
rage tank head (i.e. “bottom”). The numerical simulation
was performed using Sysweld software (versions 15.5 and
16). The tests included analyses of various welding sequ-
ences and directions with respect to their effect on the
distribution of the field of displacements at characteristic
(mesh) nodes of the tank head, constituting the measure of
welding strains.
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2. Test material and methodology

The subject of the tests was a large-sized welded structu-
re, i.e. the head (“bottom”) of a storage tank having a dia-
meter of 10 m. The test element was made of steel S235]R.
The geometry of the storage tank head is presented in Fi-
gure 1.

Fig. 1. Storage tank head geometry (CAD model)

The head of the tank was made of 6 mm thick plate frag-
ments subjected (during the process) to butt and overlap
welding. The making of the joints entailed the develop-
ment of appropriate welding procedure specifications
(WPS), enabling the performance of the process based on
the MAG welding method (135).

The pre-weld preparation of elements involved the follo-
wing stages:

+ bevelling of the plates for butt joints (i.e. square butt
weld preparation),
- positioning and tacking of the plates.

The tank head was welded in a stepped backward man-
ner, where butt (transverse) welds were made as first and
overlap (longitudinal) welds were made afterwards (Fig. 2).
The welding process was performed sequentially from the
centre of the tank head towards the outside. The schematic
diagram below presents the making of the welds, based on
the symmetric quarter of the tank head.

The scope of the tests included the development of CAD
and FEM models of the mock-up of the flat element of the
tank head segment as well as the subsequent performance
of analyses of the FEM-based mock-ups.

The FEM-based simulation was performed for various
models of welding sequence and directions. Such an appro-
ach made it possible to identify the effect of the aforesaid
sequence and directions on welding distortions and strains
of the storage tank head. To this end, it was necessary to
modify the CAD model, composed of 3D bodies. The first
stage involved the development of geometry composed of
central areas, whereas the subsequent stage of the CAD mo-
del development involved the making of longitudinal and
transverse welds. Butt welds were simulated using central
areas, whereas overlap welds were obtained using the weld
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Fig. 2. Schematic diagram presenting the welding of the storage
tank head

face area. The width of the butt welds was determined on
the basis of weld groove geometry, in accordance with the
design drawing and guidelines specified in related welding
procedure specifications (WPS). The geometry was charac-
terised by two planes of symmetry. As a result, the model
and analyses involved one quarter, taking into account ap-
propriate symmetry boundary conditions (Fig. 3). The view

of the finite element mesh is presented in Figure 4.

The simulation involved the attribution of material pro-
perties of steel S235]JR and thickness to individual finite
elements.

The boundary conditions adopted in the tests were the
following (Fig. 5):

+ boundary condition 1 of symmetry in the plane perpen-
dicular to the y-axis of the object subjected to the test,

+ boundary condition 2 of symmetry in the plane perpen-
dicular to the x-axis of the object subjected to the test,

+ boundary condition 3 of restraint - lack of possibility of
displacements in x-, y- and z-directions as well as the lack
of the rotation around the x-, y- and z-axes of the node in
the corner of the object subjected to the test.

The numerical simulation of the models concerned with
welding sequence and directions included the application
of the thermal shrinkage method involving the simula-
tion of shrinkage in the area of welded joints. The value
of shrinkage was defined by the thermal expansion coef-
ficient of the material. The method involved the definition
of the joint segment being welded at a given moment and
the simulation of a condition triggering the shrinkage in
this area.

The identification of the effect of welding sequence and
directions in the numerical simulation related to the di-
stribution of stresses and strains of the tank head involved
the analysis of 4 models, where the initial model was the
previously used variant of welding sequence and direction
during the welding of the tank head (Fig. 6).

In the initial model, welds were made sequentially from
the centre of the tank head towards the outside. Butt we-
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Fig. 3. Model (CAD) composed of central areas (a), butt welds
simulated using central areas (b) and overlap welds simulated
using the weld face area (c)

1ds (designated as 1-7) were made as first, whereas over-
lap welds (8-11, 12-14 and 15-17) were made afterwards. In
comparison with the initial model, model 2 was characte-
rised by a change in the direction, in which overlap joints
were made (i.e. from the outside to the inside). In compa-
rison with the initial model, model 3 was characterised
by a change in the sequence, in which overlap joints were
made. In turn, model 4 was characterised by overlap joints
made from the outside to the inside, whereas the welding
direction was also defined as from the outside to the inside.

In relation to all the variants of welding sequence and
directions, the forecasting of distortions was based on
the analysis of the field of displacements in the x-, y- and
z-directions and resultant displacements.

For the purpose of the comparative analysis of test re-
sults concerning the displacements of the tank head in the
perpendicular direction, displacement values were iden-
tified in selected characteristic (mesh) nodes of the tank
head, forming lines 1 and 2 (nodes 1-11, located 500 mm
away from one another). The schematic diagram showing
the arrangement of the nodes is presented in Figure 7.

Fig. 4. Finite element mesh of the tank head model

Fig. 5. Boundary conditions 1-3: a) boundary condition of symmetry in the plane perpendicular to the y-axis of the edge of the object
being tested, b) boundary condition of symmetry in the plane perpendicular to the x-axis of the edge of the object being tested and
¢) boundary condition of restraint - lack of possibility of displacements in the x-, y- and z-directions as well as the lack of rotation

around the x-, y- and z-axes of the node

4

Materials Science and Welding Technologies 2023, 67 (5-6)



‘
‘

‘
‘

Fig. 6. Welding sequence models: a) initial model, b) model 2, c) model 3 and d) model 4
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Fig. 7. Arrangement of the nodes used in the determination of
displacement values /Line 1; Line 2/
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3. Test results and analysis

Figures 8-10 present fields of displacements in individu-
al directions in all the models of welding sequence and di-
rections during the welding of the storage tank head.

The analysis of the fields of displacements in the x- and
y-directions revealed similar values of displacements in all
the models, with a maximum difference of not more than
0.2 mm. Table 1 contains post-weld displacements at nodes
A and B (schematic diagram in Table 1) only in relation to
the z-direction, i.e. where values of displacements were si-
gnificant.

Figures 11 presents the field of resultant displacements
in relation to the initial model and models 2-4.

The greatest displacements triggered by welding strains
in the storage tank head were observed in the z-direction,
i.e. perpendicular do the tank head surface. It was possible
to observe surface corrugation resulting from positive and
negative values of distortions, primarily resulting from the
extension and compression of the material.

The greatest displacements were observed in the area of
the peaks of the simulated structure, i.e. at nodes 1 and 2
(schematic diagram in Table 1). In the initial model, the lo-
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Table 1. Displacement after welding in the z-direction /Node A; Node B/

Displacement in z-direction, [mm] Difference in Difference in displacements in relation to
P ’ displacements the initial model, [%)]
between nodes

Initial Node A Node B 1and?2 y [mm] Nodet A Node B
model -17.95 81.35 99.30 - -

2 -22.78 82.69 105.47 21.20 1.62

3 -22.84 81.64 104.48 21.41 0.36

4 -18.92 81.99 100.91 5.13 0.78

Punkt A
(

Punkt B

west values of displacements were observed at mesh nodes
A and B. At mesh node A, the difference between the initial

model and models 2-4 amounted to 21.20 %, 21.41 % and ~ 8%®S 12-15.

5.13 % respectively. At node B, the difference between the
initial model and models 2-4 amounted to 1.62 %, 0.36 %

and 0.78 % respectively.
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Fig. 12. Results of displacements in the z-direction at selected mesh nodes

and b) model 2 /Displacement; Welding stage; Node/

a) 40,00 b)
0,00
20,00 e Punkt 1
=——Punkt 2
-20,00 |
£ 0,00 === Punkt 3 E
S =——Punkt 4 N
-20,00 - £
2 ——Punkt 5 S 40,00 -
8 g
g ———Punkt 6 H
& -20,00 - E
5 == Punkt 7 E 60,00
E == Punkt 8 &
-60,00
/ Punkt9
-80,00
-80,00 ===Punkt 10
\/ = Punkt 11
-100,00

-100,00

Etap spawania

=—Punkt 2

=——Punkt 4
=——Punkt5
== Punkt 6
==Punkt 7

=—Punkt 8

Values of displacements in the z-direction at mesh nodes
on measurement lines 1 and 2 (Fig. 7) are presented in Fi-

The results obtained in the tests revealed significant
differences in values of displacements at individual mesh
nodes on lines 1 and 2 in all the welding sequence and di-

rection-related models.
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on line no. 1 at successive welding stages: a) initial model
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Fig.13. Results of displacements in the z-direction at selected mesh nodes on line no. 1 at successive welding stages: a) model 3 and

b) model 4 /Displacement; Welding stage; Node/
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Fig. 14. Results of displacements in the z-direction at selected mesh nodes on line no. 2 at successive welding stages: a) initial model

and b) model 2 /Displacement; Welding stage; Node/
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Fig. 15. Results of displacements in the z-direction at selected mesh nodes on line no. 2 at successive welding stages: a) model 3 and

b) model 4

The analysis of displacements during individual stages of
the welding of the tank head (i.e. stages 1-17) revealed that
at the first seven stages, connected with the making of butt
(transverse) welded joints, there were no differences obse-
rved between the models. The above-presented situation
resulted from the lack of differences as regards welding
sequence in relation to all the models subjected to analysis.

At stages involving the making of overlap (longitudinal)
joints, which in the initial model and in models 2-4 were
welded in differences sequences, it was possible to observe
differences in values and (-z- and +z) directions of displa-
cements.

In terms of line 1 (Fig. 12) of the initial model it was ob-
served that most displacements at stages 8-17 were in the
z-direction. The minimum value amounted to -56.66 mm.
In model 2, displacements at stages 8-17, observed in the
+z- and -z-directions, were restricted within the range of
-29.75 mm to 35.33 mm. In model 3, at stages 8-17, most
displacements were observed in the +z-direction; the ma-
ximum value amounting to 39.25 mm. In model 4, at stages
8-17, displacements were observed in the +z- and -z-direc-
tions; the values of displacements were restricted within
the range of -51.11 mm to 12.32 mm.

As regards line 2 (Fig. 13), displacements at stages 8-17,
along with successive welding stages, increased in the +z-
-direction. It was also possible to observe differences as re-
gards the increase in the aforesaid differences. Significant
differences were observed in welding areas at stages 8-16.
In the last joint (i.e. stage 17), displacement-related results
were similar in relation to all of the models.

The first seven stages were not characterised by differen-
ces between the models; most of the displacements on line
1 were in the -z-direction.
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Online 1, at welding stages 8, 9 and 10 and at mesh nodes
1-5, the tank head was characterised by displacements in
the -z-direction, with the highest absolute values observed
in the initial model. At mesh nodes 7-11 it was possible to
observe a change in the direction of displacements from
-zto +z. In all the models it was possible to observe that the
absolute values of displacements increased. At stage 11 of
the welding process it was possible to observe a change in
the direction of displacements in models 2 and 4. Stage 12
was characterised by a significant decrease in the absolute
value of displacements in models 2 and 4. In turn, stage
13 was characterised by decreased displacements visible in
model 3. At stages 14-16, in models 2 and 4, mesh nodes
7-11 were displaced in the -z-direction. After the comple-
tion of the welding process (stage 17), all the nodes in the
models were characterised by similar displacements in the
-z-direction, obtaining the highest value at mesh node 11.

On line 2, the first seven stages were not characterised by
differences between the models; displacements were both
in the -z and +z-directions. At stages 1 and 2, most of the
mesh nodes were displaced in the -z-direction. At stage 3
it was possible to observe a change in the direction of di-
splacements, where at mesh nodes 3-8, the displacements
were observed in the -z-direction. Stage 4 at mesh nodes
7 and 8 was characterised by a change in the direction of
displacements (+z-direction). It was also possible to noti-
ce an increase in the absolute value of displacement from
a maximum of 8.20 mm (stage 3 of the welding process) to
24.71 mm (stage 4 of the welding process). In turn, stages
5-7 were characterised by a decrease in absolute values of
displacements.

At stage 8 (the initiation of the welding of overlap joints)
it was possible to notice differences between numerical
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calculation results in relation to the models subjected to
analysis. At stage 9, the greatest displacements were cha-
racteristic of the initial model, whereas the displacement-
-related tendency along the length of line 2 remained un-
changed. Stage 10 was characterised by decreased values
of displacements in the -z-direction at mesh nodes 4-6 and
by increased values of displacements in the +z-direction at
mesh nodes 7-11 in the initial model and in model 2. Sta-
ges 11-14 were characterised by a further increase in di-
splacements at nodes 7-11 in all the models. The greatest
absolute displacements in the +z-direction were observed
in relation to model 2. At stage 15 of the welding process,
in all the models it was possible to observe similar values
and nature of displacements at nodes 1-11. Stages 16 and 17
were characterised by a further increase in displacements
and, at the same time, an increase in the convergence of
results in relation to individual models.

The numerical simulation results revealed that, during
welding, the initial model could be characterised by gre-
ater displacements in relation to those observed in models
2-4. Asregards line 1, higher values were observed at stages
8-10, 12 and 13. In turn, in terms of line 2, higher values
were observed at stages 8-10. On line 2, at stages 11-14, it
was possible to observe greater displacements in the initial
model than those observed in models 3 and 4.

The calculation results following the completion of the
welding process (stage 17) are presented in Table 2. In
addition, Table 2 presents differences concerning the di-
splacements in models 2-4 in relation to those of the initial
model (marked red).

The results obtained in the calculations revealed that in
terms of line 1 and nodes 2-11, the displacements in the
initial model were smaller than those observed in models
3 and 4. In turn, the displacements at mesh nodes 3-11 in
model 2 where greater than those observed in the initial
model.

In relation to line 2 and mesh nodes 2-11 it was possible
to observe that the displacements in the initial model were
smaller only in relation to those observed in model 4. In
model 2 at mesh nodes 3-11 on line 2 the displacements
were greater in comparison with those observed in the ini-
tial model. In model 3 at nodes 10 and 11 it was possible to
observe greater displacements than those observed in the
initial model. In turn, the displacements observed at mesh
nodes 2-9 of the initial model were greater.

4. Concluding remarks

The above-presented numerical test results justified the
formulation of the following conclusions:

+ The use of varied welding sequences and directions du-
ring the welding of the storage tank head resulted in the
obtainment of various values in the distribution of the
field of displacements (distortions). After the completion
of the welding process in the initial model and models
2-4, the distributions of the field of displacements were
characterised by different displacement-related values
and the similar nature of tank head corrugations trigge-
red by welding strains.

» Dimensionally relevant displacements (distortions) of
the storage tank head were observed in the z-direction
(perpendicular to the head surface). In all the models of
welding sequences and directions, the greatest displace-
ments were observed in the area of the peaks of the tank
head quarter subjected to analysis.

« In relation to the initial model (i.e. the variant used pre-
viously during the welding of the tank head) the analysis
revealed that the remaining models 2-4 at mesh node A
were characterised by displacements greater by a maxi-
mum of 5.13% (model 4), 21.41% (model 3) and 21.20%

Table 2. Values of post-weld displacements and differences in the displacements observed in models 2-4 in relation to the initial model

(marked grey)
Line 1
Node Node Node Node Node Node Node Node Node Node Node
1 2 3 4 5 6 7 8 9 10 11
Initial model 0.00 -3.71  -10.26  -13.96 -11.03  -5.03  -1.60  -5.70  -12.41 -17.25 -17.95
Model 2 0.00 370 -10.29  -14.32 -11.91  -6.36  -3.51 -8.14  -15.31 -20.97 -22.78
Model 3 0.00 -3.72 -10.39  -14.63  -12.43  -6.89  -3.92  -8.37 -15.44 -21.05 -22.84
Model 4 0.00 -3.73  -10.30  -14.00 -11.07 -5.12  -1.81 -6.07 -12.98 -18.01 -18.92
Differencein  Model 2 5 -0.27 0.29 2.51 7.39 2091  54.42  29.98  18.94 17.74  21.20
Gsplnsmments o0 g ; 0.27 125 458 1126 27.00 59.18 3190  19.62  18.05  21.41
in relation to the
initial model [%]  Model 4 - 0.54 0.39 0.29 0.36 1.76 11.60 6.10 4.39 4.22 5.13
Line 2
Node Node Node Node Node Node Node Node Node Node Node
1 2 3 4 5 6 7 8 9 10 11
Initial model 0.00 1.52 2.10 2.06 2.48 12.69  28.42 4401 5721  69.53  81.35
Model 2 0.00 1.49 2.15 2.29 2.77 13.08  28.90  44.57  58.08  70.65  82.69
Model 3 0.00 1.41 1.93 1.91 2.28 12.43  28.13  43.71 57.14  69.66  81.64
Model 4 0.00 1.53 2.22 2.28 2.76 13.04  28.79 4441  57.69  70.09  81.99
Differencein  Model 2 - -2.01 2.33 10.04  10.47 2.98 1.66 1.26 1.50 1.59 1.62
displacements 4 5 - 780 -881  -7.85  -8.77  -2.09  -1.03  -0.69  -0.12  0.19 0.36
in relation to the
initial model [%]  Model 4 - 0.65 5.41 9.65 10.14 2.68 1.29 0.90 0.83 0.80 0.78
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(model 2) respectively. At node B, the models were cha-
racterised by displacement greater by 0.78% (model 4.),
0.36% (model 3) and 1.62% (model 2) respectively. At the
same time, the results concerning displacements along
lines 1 and 2 indicated that selected mesh nodes of the
initial model were characterised by higher values of di-
splacements than those observed in models 2 and 3.

- At the first seven stages, involving the making of butt we-
lded joints, no differences in the distribution of the field
of displacements were observed. The foregoing resulted
from the lack of differences in welding sequence (in all
the models). The stages involving the making of overlap
joints, which, in the initial model and models 2-4 were
made using different sequences, revealed differences in
both values and directions (-z and +z) of displacements
along the lines subjected to analysis.

« Selected welding stages of the initial model were charac-
terised by greater displacements than those observed in
models 2-4. In relation to line 1, greater values were ob-
served at stages 8-10, 12 and 13. I turn, as regards line 2,
greater displacements were observed at stages 8-10. In
relation to line 2 and stages 11-14 it was possible to obse-
rve greater displacements in the initial model than those
observed in models 3 and 4. The above-presented situ-
ation necessitates the performance of further analyses
aimed to reduce the formation of strains during subse-
quent welding stages.

« The FEM-based analysis of the storage tank head mock-
-up enabled the qualitative verification of the scheme
concerning the welding of the tank in terms of welding
strains. As regards the models subjected to analyses, the
reduction of welding strains requires the performance
of additional analyses, taking into account, among other
things, other methods enabling the reduction of strains
(e.g. a system of restraints).
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