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ABSTRACT 
 
The article further developed the model for determining 
and choosing rational parameters of welding modes, 
including welding current, for intersecting round rods used 
in reinforced concrete building structures. It is shown that 
the solution to present problem requires computerized 
support, in particular, using the mathematical package 
Mathcad. Based on computer modeling, experimental 
studies, as well as analysis of the process of heating the 
rods, it was found that the current density in the central 
part of the contact depends only on the length of the 
contact between the welded rods, as well as on the length 
of the contact between the electrodes and the rods. A 
technique has been developed to determine the 
compression force between the electrodes in the center of 
the welding contact, taking into account the required 
minimum welding current of the crossing round rods. The 
studies carried out made it possible not only analytically, 
but by computer modeling (Mathcad and Simufact 
Welding), to justify the rational parameters of the board 
temperatures of the materials being welded, in particular, 
round rods in the welding zone and to ensure the reliability 
and durability of building reinforced concrete structures. 
 
Key words: building structures, core elements, welding 
modes, energy-saving technology. 
 

1. INTRODUCTION 
 

In industrial and civil construction, as well as in the 
construction of roads and tunnels, reinforced iron concrete 
structures (ICS) are widely used, especially unstressed 
ones. These structures are mainly manufactured in the 
factory, as well as directly at facilities under construction. 
In ICS rolling rods of low-carbon steel of various profiles 
(fittings) are used. Also, in non-stressed structures, round 
rods with a smooth surface of small diameter (up to 10 
mm) are used. For ICS, metal grids are made of them by 
means of electric contact welding. 

 Typically, metal mesh is made of rods of the same 
diameter, and of rods of different diameters. When electric 
contact welding of metal grids for ICS, quality control 
methods are not applied [1]. Only the conformity of the 

technical properties of the welded rods is checked by the 
method of tensile testing. When developing the technology 
of electric contact welding of rods in factories, they try to 
achieve equal strength of joints corresponding to the base 
metal. This is achieved by significantly increasing the 
welding current and by significantly overheating the 
molten metal in the welding zone.  

However, many quality assessment studies show [2], 
that when tested, samples welded by factory technology 
were destroyed not by the welded point, but by the base 
metal [1, 2].  

Based on the above mentioned, after reaching the 
melting temperature of the base metal in the welding zone, 
an increase in the welding current according to the factory 
technology is impractical.  

The design of modern ICS or buildings includes a large 
volume of various engineering tasks. And the more 
complex the project, the more design tasks the designer 
needs to solve. And here it is rather difficult to manage 
without appropriate computer support. 

Today, the work of civil engineers is impossible to 
imagine without computer technology and a specialized 
program. Such, for example, include software products 
such as Simufact Welding, Autodesk Robot Structural 
Analysis, Midas Civil, SOFiSTiK and others [5]. 

Currently, computer technology is widely used in 
welding. Such technologies are effective in the 
development of mathematical models that allow virtually 
reproducing technological processes. The use of such 
models in the design process of welding power sources 
allows us to predict the technological properties of the 
source developed for the test phase. 

The main advantage of using computer technology in 
the study of welding production is the possibility of 
modeling. This will help to study the welding process at its 
various stages without the cost of real materials and 
devices. 

The basic for modeling the welding process using 
computer technology is a computer experiment.   

The cycle of a computer experiment is divided into 
several stages. First, they determine the goals of modeling, 
analyze the object under study, build its model. First, 
create a physical one, in which the distribution of the 
characteristics of the object (factors affecting the welding 
process) is fixed on the essential and non-essential, which 
at this stage of the study are rejected. 
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At the same time, an assumption, or framework for the 
application of the model, is determined in which the results 
obtained will have content.   

Characteristics of an object are described in a particular 
language, in particular, using mathematical terms. Further, 
a preliminary analysis of the model is carried out: they find 
out whether the welding task is correctly posed, whether it 
is possible to carry out welding under specified conditions, 
is the welding process safe, etc.   

At the second stage of computer modeling, you can use 
(if any) a ready-made tool, for example, a computer 
mathematics system, otherwise you should develop an 
algorithm for the welding process. 

As a rule, many computational algorithms for one 
welding task can be given. To determine the best, criteria 
should be formulated to assess the quality of the 
computational welding algorithm.The third stage is the 
implementation of the developed algorithm using computer 
tools: application programs or a programming language. 

The fourth stage is dedicated to computing on a 
computer. This is the stage of the computational 
experiment, when its similarity with the full-scale 
experiment is most clearly manifested. Only if in the 
laboratory an experimenter with the help of a specially 
constructed setup “asks a question” to nature, then 
specialists from a computational experiment using a 
computer pose these questions to mathematical models. 

After this, the prediction stage begins when the behavior 
of the object, process or phenomenon under study is 
envisaged using a computer model under conditions in 
which the experiment has not yet passed or in which it is 
impossible to conduct.  

During the last stage, the welding results are processed, 
they are comprehensively analyzed, conclusions are drawn. 

The use of computer technology for the study of 
weldingobjects allows us to solve the problem of the 
financial part or the impossibility of conducting a physical 
experiment, which can often give unpredictable results.  

The logic and formalization of computer models allows   
us to identify the main factors that determine the properties 
of the studied original object used in welding, in particular, 
to study the reaction of physical changes in materials and 
their parameters depending on the initial conditions, as 
well as the features of the welding environment.  

Note that in everyday practice, the usual mathematical 
packages familiar to any qualified builder and engineer, for 
example, such as Mathcad, Matlab, SciLab, LabVIEW and 
others. These mathematical packages and software 
products not only allow you to automate complex 
calculations, but are also quite suitable for primary data 
analysis and visualization. 

Thus, taking into account the above facts, in our 
opinion, it is quite relevant engineering and scientific task 
to consider issues related to the continuation of research in 
the field of development of energy-saving technologies for 
the electrical contact welding of intersecting rods for iron 
concrete building structures.  

In particular, the development task remains relevant, 
models for determining and choosing rational parameters 
of welding modes, including welding current.  

The last task certainly needs computerized support, for 
example, based on the use of such common mathematical 
packages as Mathcad и MatLab. These studies will allow 

not only analytically and experimentally, but also by 
computer modeling, to substantiate the rational parameters 
of the board temperatures of the materials being welded in 
the welding zone and to ensure the reliability and 
durability of the structure. 

 
2. REVIEW AND ANALYSIS OF PREVIOUS STUDIES 

 
It was shown in [1–3] that despite the fact that currently 

the technology of bath welding has reached a high level, 
the probability of defects in welded joints of iron concrete 
structures made in the conditions of the installation site is 
quite high [4]. However, the relationship between the use 
of information technology and related software and the 
complexity of various calculation parameters for welded 
joints of iron concrete was not traced. 

It was shown in the work [6–8] that the shape and 
dimensions of the reinforcement of the weld, the radii of 
the transition from the reinforcement to the base metal in 
the butt joints of the reinforcement have a significant effect 
on the concentration of stresses and when a combination of 
adverse factors (low temperature, residual stresses, 
unfavorable zone structure thermal effects) can cause 
fragile structural damage. The data were obtained on the 
basis of experimental studies and the use of specialized 
packages for computer modeling was not considered. 

A significant contribution to the development of issues 
of the strength of welded joints was made by the work[9–
14].  

In the work [15–17], practical aspects of using various 
software packages to describe the stress-strain state of 
welded structures metal were considered. However, only 
specialized software was considered, which is not always 
advisable. 

Though, as the analysis of most of the reviewed 
publications has shown, it has been empirically proven that 
the heat affected zone decreases plasticity and increases 
brittleness, as a result of which mechanical damage to the 
welding zone results in destruction of the material being 
welded in this zone, rather than the place of welding.  

On the other hand, as was shown in the work [18], the 
energy loss due to bursts is the cause of the nonlinearity of 
the dependence. Therefore, it becomes necessary to control 
the quality of the strength of the welded joint so that timely 
adjustment of the welding current is possible in case of 
obtaining a welded joint with unacceptable strength. We 
also note that for the calculation, subsequent analysis and 
visualization of the results obtained, for example, the 
smallest current required for electric contact welding of 
intersecting round rods and the compression force, taking 
into account the smallest current necessary for welding, the 
possibilities of such packages as Mathcad и MatLab[19, 
20]. The latter led to the relevance of our research. 

 
3. THE PURPOSE 

 
The purpose of the work is to justify using various 

research methods, including relying on computer 
simulation methods widely used in recent years, energy-
saving technologies for electric contact welding of metal 
structures. The task is considered in the context of 
determining the lowest value of the welding current 
necessary to ensure maximum strength during welding. To 
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achieve the goals of the work, it is necessary to solve the 
following tasks: 

1. To develop criteria for assessing the quality of 
welding of intersecting round bars.  

2. To investigate the nature of the change in the heating 
temperature during electrical contact welding of 
intersecting round rods. 

3. To develop a methodology for determining the 
smallest current required for welding intersecting round 
rods, as well as a method for determining the compression 
force taking into account the smallest current required for 
electric contact welding of intersecting round rods. 

4. Carry out computer computational experiments and 
full-scale studies on prototypes to confirm the adequacy of 
the proposed models and methods. 

 
4. METHODS AND MODELS 

 
In building non-stressed iron concrete structures, both 

tearing and shearing forces act on the welded joint due to 
the physicmechanical effects of concrete. With this 
criterion of the quality of resistance welding of reinforcing 
bars, the results of calculations or computer simulations, as 
well as mechanical tests for separation and shear can be 
related.  

Among these, the most appropriate test design is 
selected based on its sensitivity to changes in the main 
factors of the welding process. As such a factor when 
welding reinforcing bars crosswise (see Figure 1) welding 
current was selected, which significantly affects the 
strength of the welded joint. Therefore, the sensitivity of 
the test circuit to a change in this parameter is chosen as a 
criterion for choosing a quality indicator. 

 The criterion for evaluating the sensitivity of the test 
circuits was the correlation coefficient between the 
strength of the welded joint and the welding current. As a 
result of the correlation analysis of the data obtained 
during the modeling process in MathCad, as well as the 
experiments performed, it was found that when welding 
intersecting round bars, the quality criterion is the results 
of the test of welded joints for shear.  

The research also considers the features of the 
development of energy-saving technology for the 
manufacture of metal structures in iron concrete structures.  

For electric contact welding of samples of metal 
structures (mesh), the same values of the parameters of the 
welding mode were applied (twel=4sec, Fsec=300 daN, 
Isec mx=4кА), mesh of intersecting round rods with 
dimensions of 5 + 3 mm. The relationship between the 
strength of electrical contact welding of the metal mesh 
and the welding current is shown in Figure 2.  

The graph shows that with an increase in current to 2.4 
кA, the strength of the welded joint increases linearly. 

 
 

Figure 1: Welded metal mesh used in non-stressed reinforced 
concrete structures 

 
In the VD section, with an increase in current from 2.4 

to 4.0 kA, the strength increases slightly - from 33 to 35 
daN, i.e. an increase of current of 80% increases the 
strength by 30%.  

The analysis of strength and the nature of the fracture of 
welded samples shows that with an increase in current of 
more than 2.4 kA, welded samples are destroyed by the 
base metal. The dispersion of the strength of the welded 
samples corresponds to the dispersion of the strength of the 
welded material. 

 In addition, an external examination of welded joints 
shows that there is an increase in extruded expanded metal 
from the weld zone.  

All this indicates that: overheating of the metal in the 
welding zone above the melting temperature of the 
material being welded leads to a deterioration in the 
mechanical properties of the material and an increase in 
the volume of superheated metal extruded from the 
welding zone, i.e. electric contact welding of intersecting 
rods was carried out at a welding current that ensures that 
the melting temperature of the material being welded is 
achieved in the contact zone, which will save energy 
without compromising the strength of the welded joint. 

Pilot studies of the heating process in the contact 
welding of intersecting round rods and a theoretical study 
of the heating of the rods were carried out daN. 

 

 
 

Figure 2: The relationship between the strength of electrical 
contact welding of a metal mesh and welding current 
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In an experimental study of the process of heating the 
welded rods, the temperature was measured at three points 
of these, two points (1, 2) were located near the contact 
from the side of each welded rod, and the third point was 
near the lower electrode (Figure 3) 

.  
Figure 3: The location of the points at which the temperature was 

measured during welding 
 
 

For temperature oscillography, thermocouples were 
welded to the samples at the indicated points by capacitor 
welding. The experimental results are presented in Figure 
4 and Figure 5. 

 
 

Figure 4: The thermal cycle of various points of the 
welded sample (soft mode) 

 

 
 

Figure 5: The thermal cycle of various points of the 
welded sample (hard mode) 

 
As the simulation results and the subsequent 

experimental verification showed, the highest heating rate 
at the beginning of the process is observed at the points 
located in the area of the welding contact (points 1 (red 
line), 2 (blue line)). At point 3 (green line), located near 
the electrode, on the surface of the rod of a larger cross 
section, the heating rate is somewhat lower. Characteristic 

of this experiment is the formation of a site of almost 
constant temperatures on the thermal cycle curves of those 
points that are in the region of greatest heating of points 1, 
2. Obviously, at a certain stage of the welding process, in 
the region adjacent to point 3, thermal equilibrium sets in, 
at wherein the heat release due to the current is balanced 
by heat removal due to heat conduction. The temperature 
of the points of this region almost does not increase in the 
future. With correctly selected mode parameters, in 
combination with the force on the electrodes, the steady-
state thermal state should correspond to the heating of the 
contact points to the melting temperature.  

An excessively large force on the electrodes with 
insufficient current will reduce the current density in the 
welding contact and the equilibrium state will come before 
the required temperature in the welding zone is reached, 
which will lead to lack of penetration. 

Thus, the level of the equilibrium area on the curves of 
the thermal cycle is controlled by a change in the electrical 
parameters in combination with the compressive force.  

Determination of the optimum value of the welding 
current and the compression force implies the 
determination of their lowest value, which ensures 
obtaining the equilibrium area corresponding to the 
melting temperature of the material of the welded rods. 

From Figure 4 and Figure 5 show that these currents and 
compressive forces lead to severe overheating of the metal 
of a rod of small diameter; therefore, when welding rods of 
different diameters, determination of the welding mode 
parameters is necessary for a rod of small diameter. 

As a result of a theoretical study and analysis of the 
process of heating rods, dependence is obtained for 
calculating the smallest current required for welding rods 

 

     1
cos

1cos



 

 v
                 (1) 

 
i.e. limited temperature range   , determined by 

the condition  
 

,cos   
 

 

where 




 o

otr
I 24,0

2
2  – dimensionless 

parameter characterizing the intensity of heat sources; ρ0 – 
initial resistivity of the core material; λ – coefficient of 
thermal conductivity of the rod; β – temperature 
coefficient;  

  T – dimensionless temperature.  
 
In the course of research, the process of curing the rods 

by cold contact and during the welding process was also 
considered. 

Such studies are necessary to determine the current 
density and compression force during welding. 
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It was experimentally established that with a cold hug, 
the specific pressure is practically constant and amounts to 
about 0.6 of the Brunel hardness for this material: 

 
.6,0 HBk    (2) 

 
Cold creep experiments on rods of small diameter (up 

to 5 mm) show that the specific pressure is  
 

.28,1 HBk          (3) 
 

Upsetting rods were also investigated during welding.  
Figure 6 shows the changes in draft and the average value 
of the draft during welding. Less intense increase in draft 
occurs when welding in soft mode. The average upsetting 
time during welding is 0.25 mm / s when welding in soft 
mode “a” (zone with inclined hatching), and when welding 
in hard mode “b” (zone with vertical hatching) – 0.57 mm 
/s Accordingly, when welding in soft mode, the volume of 
metal more overheated and squeezed out of the welding 
zone is greater, i.e. when welding in soft mode, part of the 
energy spent on heating the welding zone is lost and does 
not participate in the formation of a welded joint. 
Therefore, in order to save electricity, we proposed that the 
contact welding of intersecting rods be carried out in hard 
mode. 

After turning off the current under the action of the 
force P, the deposit continues to increase, and a more 
prolonged, albeit less intense growth of the precipitate is 
observed in rods welded in a softer mode. In samples 
welded in hard mode, the rate of increase in precipitation 
decreases significantly after 1–1.5 seconds after turning off 
the current, and after 5–6 seconds, plastic deformation  
in the zone of the welding contact practically ceases. 

 
 

Figure 6: The change in the settlement of the rods 
during the welding 

 
Apparently during soft welding in the welding zone, the 

amount of molten metal is greater, respectively, the 
volume of extruded metal is larger. 

This is confirmed by external inspection of welded 
joints. Thus, when welding in soft mode, part of the energy 
spent on heating the welding zone is not consumed to form 
a welded joint. Therefore, in order to save electricity, it is 
advisable to conduct electrical contact welding of crossed 
rods in hard mode. In another series of experiments, in 
addition to precipitation, the welding current and 
temperature were measured and recorded at individual 

points of the welded sample during the welding process. 
Apparently during soft welding in the welding zone, the 

amount of molten metal is greater, respectively, the 
volume of extruded metal is larger. This is confirmed by 
external inspection of welded joints. Thus, when welding 
in soft mode, part of the energy spent on heating the 
welding zone is not consumed to form a welded joint. 

Therefore, in order to save electricity, it is advisable to 
conduct electrical contact welding of crossed rods in hard 
mode. In another series of experiments, in addition to 
precipitation, the welding current and temperature were 
measured and recorded at individual points of the welded 
sample during the welding process. 

According to the average draft, in these experiments, the 
projection area of the welding contact Fsv. The average 
draft h and the average area Fsv are plotted on the graphs 
(Fig. 3.8), from which it can be seen that at the end of the 
welding process, when the current is turned off, the area of 
the weld point is the maximum value. 

When welding in hard mode, the precipitation rate is the 
highest at the beginning of the process, it falls during the 
entire welding process. At a pressure in the welding 
contact of about 2.5 Dan/mm2, even before the current is 
turned off, there is a sharp decrease in the draft rate from 
0.5 to 0.3 mm/ s.  

The moment the current is turned off is about 1.5 Dan / 
mm2. After turning off the current, the sediment continues 
for 5–6 seconds, however, the precipitation rate is so low 
that the pressure in the contact practically does not 
decrease.  

For further growth of precipitation, efforts are required 
greater than for precipitation of samples welded in a softer 
mode.  

The specific pressure at the point of contact of the rods 
at this moment is 1.5–1.6 dan/mm2. In the future, the 
specific pressure drops even more due to an increase in the 
sizes of the contact area of the rods, and the yield stress of 
the near-contact zone decreases with cooling and 
temperature equalization, i.e. conditions for the further 
development of rainfall are becoming less and less 
favorable. 

The required maximum temperature in the welding 
contact is equal to the melting temperature of the metal 
being welded: 

θmax=θmel. 

,1
maxmax 


T                 (4) 

where θmax – maximum dimensionless temperature; 
β – temperature coefficient, 1/ºC. 

  
Then we can prove that 
 

,
cos

cos1
max 

 
   (5) 

 
and 

 

,
cos

cos11
max 





T   (6) 
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.
1

1arccos
maxT




           (7) 

 
Substituting µ, we get 
 

,
max1

1arccos024,0

)0(2 Tprtr
сbI





 
 (8) 

 
 
where  prtpr rF 2

0 )(2    and m – area ratio Fpr to 

the cross-sectional area of the rods  
4

2
1d

.  

 
The value of m is established empirically. The larger m, 

the relatively later the limit state in the contact occurs, the 
higher the current required for welding.  To calculate 
the required maximum current, we obtain 
 

.
1

1arccos

24,02

max

0
1

T

mdIcb















          (9) 

 
 

This chapter presents a method for determining the 
current density and shows that for given sizes of contact 
pads, the current density of the rod depends on the 
longitudinal dimensions of the pads (ξ1 and ξ2), and 
transverse dimensions (φ1r0 и φ2r0) can be neglected  
 

 

    ,

2
1,

2

2

1

1

2
0

2210

























PP

r
j

,              (10) 

 

Values 
   

2

2

1

1 ,




 PP

taken from Figure 7. 

 
Figure 7: The relationship between  P  and  1  

Knowing the current density, you can determine the lowest 
required value of effort. In this case, the specific pressure 
in the contact zone during welding 

,/, cmdaN
F
PK   (11) 

where 
j
iF calculated value in the contact zone  

Thus,  
.FKP                                 (12) 

 
5. DISCUSSION 

 
The conducted studies made it possible not only 

analytically, but by means of computer modeling, to justify 
the rational parameters of the board temperatures of the 
materials being welded, in particular, round rods in the 
welding zone. Thus, it is possible to significantly increase 
the reliability and durability of building reinforced 
concrete structures. 

During the experimental verification of the developed 
models, the following was established: he sizes and shape 
of the contact depend on the size and shape of the rods and 
electrodes, as well as on the compression force between 
the electrodes;  

the contact area between the welded rods depends on the 
draft during welding Fwel(h) and with a cold embrace of 
the rods Fwel (h) = 1,8 Fх(h) ; when welding rods in the 
contact zone, the specific pressure is constant and depends 
on the hardness of the material of the rods, when welding 
rods with diameters greater than 10 mm - ;6,0 HBK   
and when welding rods of small diameter (up to 5 mm) 

.28,1 HBK   
The necessary heating rates take place in the initial stage 

of the welding process. The point of the near-contact 
region is heated to the melting temperature of the base 
metal for 1.5-2 seconds. The limiting temperature of the 
points of the near-contact region from the side of the small 
rod is 100-150º C higher than from the side of the large 
rod. 

The studies made it possible to integrate the obtained 
results, as well as models in Mathcad [20] and MatLab, 
into professionally oriented software products, in 
particular, into the Simufact Welding program, see Fig. 8, 
9. Moreover, the results obtained in Mathcad can be 
imported into Simufact Welding using a CSV file with the 
coordinates of the welding path. 

 
 

Figure 8: An example of using the obtained research results in 
the program SimufactWelding 
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Note that in order to obtain more realistic results, 
calibration of virtual heat sources is required. In fig. Figure 
9 shows an example of the results of calculation and 
modeling of the weld section. 

 
 

 
 

a) Example of calibration of a virtual heat source 
 

 
b) An example of the visualization of the weld 

 
Figure 9: An example of calibrating a virtual heat source in the 

Simufact Welding program for a weld to select rational 
parameters for welding conditions 

 
A definite drawback of research at this stage of work is 

the relatively small amount of experiments at real 
construction sites. This is due to the fact that the main 
emphasis in the work was made on the use of computer 
modeling in the development of energy-saving technology 
for the manufacture of metal structures with core elements. 
As the research continues, we plan to significantly expand 
the number of real construction projects, on which the 
developed methodology was implemented and tested in 
real-life conditions for reinforced concrete structures. 
 

6. CONCLUSION 
 
The model was further developed to determine and 

select rational parameters of welding modes, including 
welding current, for intersecting round rods used in 
reinforced concrete building structures. It is shown that the 
solution to this problem needs computerized support, in 
particular, by using the mathematical package Mathcad. 
The  

studies carried out made it possible not only 
analytically, but by computer modeling, to justify the 
rational parameters of the board temperatures of the 

materials being welded, in particular, round rods in the 
welding zone and to ensure the reliability and durability of 
building reinforced concrete structures. During the 
experimental verification of the developed models, it was 
found that: the size and shape of the contact depend on the 
size and shape of the rods and electrodes, as well as on the 
compression force between the electrodes; the contact area 
between the welded rods depends on the draft during 
welding Fwel(h)  and with a cold embrace of the rods 
Fwel(h) = 1,8 Fх(h); when welding rods in the contact 
zone, the specific pressure is constant and depends on the 
hardness of the material of the rods, when welding rods 
with diameters of more than 10 mm - HBK 6,0   and 
when welding rods of small diameter (up to 5 mm) 

.28,1 HBK   
The pattern of temperature changes in the welding zone 

is experimentally determined. It was revealed that the 
necessary heating rates take place in the initial stage of the 
process. The point of the near-contact region is heated to 
the melting temperature of the base metal for 1.5-2 
seconds. The limiting temperature of the points of the near-
contact region from the side of the small rod is 100-150º C 
higher than from the side of the large rod. It was found that 
the longer the welding time, the less the effect of the 
heating process. At this current value, it is proposed to 
weld the intersecting round rods in hard mode (tсв<4 sec). 

Based on the analysis of the process of heating the rods, 
it was found that the current density in the central part of 
the contact depends only on the contact length between the 
welded rods, as well as on the contact length between the 
electrodes and the rods. 

Based on the computer simulation, as well as comparing 
the experimental data with the results of calculating the 
temperature of the near-contact region in the limiting state, 
a technique is proposed for determining the smallest 
current required for welding the rods. 

 The obtained research results made it possible to 
integrate the experimental data obtained, as well as models 
in Mathcad and MatLab, into a professionally oriented 
software product –Simufact Welding. Data is imported into 
Simufact Welding by means of a CSV file with the 
coordinates of the welding path. 

A technique has been developed to determine the 
compression force between the electrodes in the center of 
the welding contact, taking into account the required 
minimum welding current of the crossing round rods. 
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