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DETERMINATION OF THE APPLICABILITY OF THE NORMAL
AND WEIBULL DISTRIBUTIONS TO THE DIAMETER OF WELDED PORES

The adequacy of the application of the normal and Weibull distributions to the variability of weld pore diameters is
analyzed. It is shown that, despite the visual similarity of the Weibull distribution to the visualization of the experimentally
obtained distribution of pore diameter values, according to the Pearson agreement criterion, the normal distribution describes
the variability of pore diameter values six times better than the Weibull distribution. The obtained results provide grounds for
the direct application of standardized statistical tools to the statistical analysis of the variability of weld pore diameter.
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Urgency of the research. A global trend today is the use of a risk-based approach when
making decisions regarding the quality of welded products [1; 2]. One of the methods for re-
ducing the risks of non-compliance with the quality requirements of welded products is to re-
place the control of actual defect levels with statistical control of quantitative indicators that
determine the appearance of defects. Such a quantitative indicator is the pore diameter. At the
same time, standardized statistical control tools for continuous features assume that the varia-
bility of the controlled indicator is subject to a normal distribution. Thus, determining a statis-
tical distribution that adequately describes the variability of the pore diameter of a weld is a
relevant task related to creating conditions for reducing the risks of failure to meet porosity
requirements during welding using standardized statistical tools.

Target setting. The allowable porosity in the weld metal is determined by their diameter
and number per unit length of the weld [3]. It is the diameter and number of pores that determine
the reduction in the cross-sectional area of the weld and, as a result, the reduction in the ability
to work under static loads. The diameter of the pores significantly affects their ability to form
stress concentrators. Thus, to ensure the uniform strength of the weld metal under static and
dynamic loading conditions, it is important to monitor the number of pores per unit length of
the weld and their diameter values.

The value of the number and diameter of pores is a random variable. The use of a distribu-
tion that adequately describes the variability of a random variable makes it possible to use the
entire arsenal of standardized statistical tools available for such a distribution (control charts,
reproducibility indices, workability indices, etc.). Pore diameter is a continuous statistical char-
acteristic. The vast majority of statistical tools for analyzing continuous data are based on the
normal distribution [4, 5]. At the same time, there are a significant number of arguments in
favor of both the application of the normal distribution and the application of the Weibull dis-
tribution to the variability of pore diameter. Therefore, determining the distribution that should
be preferred when analyzing data on pore diameter variability actually means determining the
possibility of directly applying most standardized statistical tools to such an important indicator
as pore diameter or the necessary adaptation of these tools to the Weibull distribution.
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Actual scientific researches and issues analysis. The variability of the number of pores
per unit length of the weld is adequately described by Poisson's law [6]. This allows the use of
standardized c-maps and u-maps for statistical control of the number of pores without additional
measures [4].

It is generally accepted that the variability of product quality indicators and production
processes, which are related to a continuous statistical characteristic, is subject to a normal
distribution [7; 8]. This is usually supported by a large number of factors simultaneously influ-
encing the values of such indicators, approximately the same level of influence of each factor,
which corresponds well to the conditions of the central limit theorem. As a result, the probabil-
ity density of the indicator value is determined by the Gauss-Laplace function. In application
to the variability of the pore diameter according to the normal distribution:

d.—p\?
fdipo) = gexp =3 (%55) ¢

where d- - is the value of the pore diameter, mm;

p — mathematical expectation of the pore diameter value, mm;

o — standard deviation of the pore diameter value, mm;

The normal distribution curve is a symmetrical, bell-shaped Gaussian curve. This distribution
is the basis of most statistical tools for analyzing continuous data and in 90 % of cases such tools
can be applied to product and welding process parameters without additional measures [9].

A large number of factors and the equivalence of their influence is a prerequisite for sym-
metry, and therefore normality, of the distribution of the indicator values. If the subject of the
study is the indicator of the size (diameter) of the defect, then it is necessary to take into account
the fact that measures are being implemented to prevent the appearance of defects in relation to
defects. The consequence of such actions is a deviation of the distribution from symmetry to-
wards an increase in the probability of the appearance of defects (pores, slag inclusions) of
smaller diameter. Thus, a “deformation”, a deviation from symmetry, of the distribution of de-
fect diameter values occurs.

Studies conducted on ship hulls, fuel and lubricant storage tanks, and large-diameter pipe-
lines [10] have shown that the distribution of pore diameter values deviates from the Gauss-
Laplace function. Studies of the variability of pore diameter in the conditions of determining
the resistance to pore formation during submerged arc welding have shown the possibility of
using the two-parameter Weibull distribution [11; 12].

The value of the Weibull probability density distribution for a given limit value of the pore
diameter d :

by (d.\Pa1 d.\Pa
fldsagb) =24(5) " e — ()" @
where aq - scale parameter (size) of the Weibull distribution of pore diameter, mm;

ba - shape parameter of the Weibull pore diameter distribution, dimensionless.

Uninvestigated parts of general matters defining. Recent studies have shown deviations
from symmetry in the distribution of pore diameter values in welded joints and the adequacy of
the use of the two-parametric Weibull distribution. However, there is no evidence on the ap-
plicability of the normal distribution to the analysis of pore diameter variability data compared
to the Weibull distribution. Studies on the adequacy of applying statistical distributions to pore
diameter variability are constrained by the limited number of pores that appear under constant
pore formation conditions.

The research objective is to determine the possibility of applying a normal distribution to
the analysis of data on pore diameter variability. Depending on the result obtained, a decision
should be made on the possibility of applying standardized statistical data analysis tools without
correction for distribution asymmetry.
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The statement of basic materials. The initial data for the statistical analysis of the varia-
bility of the pore diameter were collected using the method of studying the resistance to pore
formation using polyolefin tubes, set out in the work [4]. Table 1 presents experimental data on
the distribution of pore diameters in these ranges. The accepted notations are n; — number of
pores registered in the diameter range, N; - the number of pores whose diameters do not exceed
the limit value of the i-th range, N — the total number of registered pores for which the diameter
was determined, d» — upper limit value of the i-th range of pore diameters, d+ — the average
value of the i-th range of pore diameters.

Table 1 — Experimental data on pore diameter distribution

Ne Pore diameter range, mm ni, units Ni, units N, units d=i , mm deep,i , MM
1 0..0,5 71 71 0,5 0,25
2 0,6..1,0 121 192 1,0 0,75
3 11.15 99 201 15 1,25
4 16..2,0 53 344 372 2,0 1,75
5 2,1..25 23 367 2,5 2,25
6 2,6..3,0 5 372 3,0 2,75
7 3,1..35 0 372 35 3,25

Source: developed by the authors.
According to the data in Table 1, a bar chart of the actual distribution of pore diameters

was constructed.
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Fig. 1. Bar chart of actual pore diameter distribution
Source: developed by the authors

Visually, the bar chart (Fig. 1) shows the expected deviation from the symmetry of the
normal distribution.

Using a probability grid based on experimental data, it is possible to determine the parameters of
the Weibull distribution of pore diameter. To do this, you need to perform the following steps [12]:

Divide the range of possible pore diameter values into ranges of 0.5 mm width (see Table 1).

Record the number of pores detected, for each range separately, entering the results by n; -
the number of pore diameter measurements that fall within the range.
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For each range limit d«; (defined as the maximum value of the pore diameter falling within the
range) determine N; - the number of pores whose diameters do not exceed the limit value of the
range (defined as the sum of all pores whose diameters do not exceed the limit value of the range).

Calculate the estimated probability of not exceeding the limit value of the pore diameter
range:

MY % 100%. 3)

N+1/,

where N — the total number of registered pores for which the diameter was determined.

Each range in which pores were recorded gives a point on the probability grid. The x coor-
dinate of this point is d+ — to the upper limit of the range of pore diameters, and the y coordinate
to the calculated value F'(d+;) - estimated probability of not exceeding the limit value of the pore
diameter range.

If the points on the probability grid are distributed along a straight line, this indicates that
the pore diameter is indeed distributed according to the Weibull law. The location of the straight
line approximating the position of the experimental points determines the quantitative values
of the parameters of the Weibull pore diameter distribution.

To determine the parameters of the Weibull distribution, the data in Table 1 were converted
into data for applying the probability grid in Table 2.

Table 2 — Experimental data for estimating the values of the size parameter aq and form
parameter bq Weibull distribution of pore diameter

No Pore diameter range, mm Ni, units | N, units d«i , mm Ig(d+), mm F(d«) , %
1 0..0,5 71 0,5 -0,301 19,0
2 0,6..1,0 192 1,0 0,000 51,5
3 1,1..15 291 15 0,176 78,1
4 1,6..2,0 344 372 2,0 0,301 92,3
5 2,1..25 367 2,5 0,398 98,5
6 2,6..3,0 372 3,0 0,477 99,8
7 3,1..35 372 3,5 -0,301 99,8

Source: developed by the authors.

The data in Table 2 are plotted on a probability grid as points through which an approxi-
mating line is drawn. The result is shown in Fig. 2.

The value of the scale parameter ad of the Weibull distribution is determined by the inter-
section point of the straight line, which approximates the results of the experimental determi-
nation of the pore diameter on the probabilistic grid, with the horizontal line y = 0. At this point,
the probability of not exceeding the given diameter value is d+= aqs makes up F(aq) = 0,632 (see
Fig. 2). In the given data set (sample), the intersection point has the coordinate of the horizontal
logarithmic scale x = 0.18. That is, in the given data set (sample) Ig(as)=0,18, therefore,
aqs=10%1% = 1,51 (mm). The resulting value of the scale parameter a; = 1,51 mm can be inter-
preted in such a way that under the investigated welding conditions, 63 % pores, have a diam-
eter of no more than 1,51 mm.

Calculation formula for shape parameter bq:

_ y
ba = ln(d*/ad). @
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Fig. 2. Determination of pore diameter distribution parameters using a probabilistic grid
Source: developed by the authors.

To determine using a probability grid the value of bd - the shape parameter of the Weibull
distribution, it is necessary for any pore diameter (in Fig. 2 the pore diameter is assumed
d+=0.5 mm) find the corresponding value y (in Fig. 2 1(0.5) = -1.75). By substitution into the
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formula (4), taking into account the previously found value of the scale parameter az= 1.51 mm,
we find the value of the shape parameter for this distribution b,~1.583 (dimensionless).

At the same time, according to the Weibull distribution, the fraction of pores with a diam-
eter not exceeding a given value d+, can be found:

4. \1,583
F(d.;1,51;1,583) = 1 — exp [— (= ] (5)
The probability that the pore diameter becomes significant d= (or close to d») mm:
1583 / d, \1583-1 4. \L791
f(d1,51;1,583) = 22 (%) exp— () - 6)

Among the advantages of the graphical method of determining the parameters as and bg of
the Weibull distribution of pore diameters using a probability grid, it should be noted its extreme
simplicity, clarity.

The normal distribution is defined by two parameters: p— mathematical expectation and o -
standard deviation of a random variable.

From a sample of 372 pore diameter values divided into seven ranges (see Table 1), the
values of the normal distribution parameters were found.

Mathematical expectation of pore diameter

H= Zi7=1 dcepi 2L (7)

N

The standard deviation of the pore diameter is found as the square root of the variance of
the pore diameter as a random variable

0= JZZ:l%(dcepi - .u)z' 8

The data for calculating the parameters of the normal distribution of pore diameters are
summarized in Table 3.

Table 3 — Data for calculating the parameters of the normal distribution of pore diameter

ni 2
Ne Pore diameter range, mm Ni, UNItS | deepi, MM | deepi * % units I (dcep_it_zﬂ) '
units
1 0..05 71 0,25 0,047715 0,121845
2 0,6..1,0 121 0,75 0,243952 0,029079
3 1,1..15 99 1,25 0,332661 0,010752
4 1,6..2,0 53 1,75 0,249328 0,070011
5 2,1.25 23 2,25 0,139113 0,089181
6 2,6..3,0 5 2,75 0,036962 0,03889
7 3,1..35 0 3,25 0 0

Source: developed by the authors.

According to the data in Table 3, the values of the parameters of the normal distribution of
pore diameters were established: p=1,049 mm, 6=0,5998 mm.

In this case, the probability that, according to the Weibull distribution, the pore diameter
takes on the value d+ (or close to d«) mm:

1 1 (d,—1,049)\2
f(d.;1,049;0,5998) = VzZmx0,5998 S P T E( 0,5998 ) ' ©)

For comparison, Fig. 3 shows the probability density graphs of the pore diameter distribu-
tion according to the normal and Weibull distributions. The graphs are constructed using de-
pendencies (6) and (9).
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Fig. 3. Probability density of pore diameter according to normal f(d;1.049;0.5998)
and Weibull f(d;1.51;1.583) distributions (probability functions)
Source: developed by the authors.

Of the two graphs shown in Fig. 3, the Weibull distribution f{d,;1.51;1.583) is closer to the
bar chart of the actual pore diameter distribution (Fig. 1). Thus, visually, the Weibull distribu-
tion in shape better describes the variability of pore diameter and correlates with the results of
the experimental study.

However, the adequacy of the application of the Weibull distribution and the normal distribu-
tion to the obtained experimental data should be verified using the Pearson consistency criterion.

The value of the Pearson consistency criterion (x° criterion) is calculated:

(nini/N_Pi)

P;

2
_ Zi (ni—NxPi)z. (10)

X =NZ, NXP;
where N — number of pores for which the diameter was measured, units;

n; — experimentally registered number of pores in the i-th range, units;

P; — the probability that the pore diameter is in the i-th range, calculated from the Weibull
distribution or normal distribution, in fractions.

The value of P; from the Weibull distribution can be calculated:

P, =F(d,;ag;bg) — F(d,;4+1;a4;bg) = F(d,;;1,51;1,583) — F(d,;4+1; 1,51; 1,583). (11)

where F(d«i;aq;bq) — calculated according to the Weibull distribution, the fraction of pores
whose diameter does not exceed the pore diameter of the upper (right) boundary of the i-th pore
diameter range;

F(d~.1;a4;bq) — calculated according to the Weibull distribution, the fraction of pores whose
diameter does not exceed the pore diameter of the lower (left) boundary of the i-th pore diameter
range.

The value of P; according to the normal distribution can be calculated:

P; = F(d.;; u;0) — F(dsj41; 45 0) = F(d,;;1,049;0,5998) — F(d.;11;1,049;0,5998). (12)

where F(d+i;u;0) — calculated according to the normal distribution the fraction of pores whose
diameter does not exceed the pore diameter of the upper (right) boundary of the i-th pore diam-
eter range;
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F(d=i.1;u;0) — calculated according to the normal distribution the fraction of pores whose diam-
eter does not exceed the pore diameter of the lower (left) boundary of the i-th pore diameter range.

The results of calculations for the value of the Pearson consistency criterion when applying
the Weibull distribution and the normal distribution to the variability of the pore diameter (see
Table 1) are given in Table 4.

Table 4 — Data for calculating the value of the Pearson test (y* test)

Ne 2(40), 2025

According to the Weibull According to normal
Ne | Pore diameter range, mm ni, units distribution distribution
Pi Xlz Pi Xlz

1 0..0,5 71 0,160946 2,068302 0,180016 0,243024
2 0,6..1,0 121 0,232393 13,80775 0,287429 1,853115
3 1,1.15 99 0,208896 5,833139 0,306505 1,978527
4 1,6..2,0 53 0,15688 0,492199 0,169627 1,617033
5 2,1..2,5 23 0,104702 6,530908 0,048645 1,329126
6 2,6..3,0 5 0,06379 14,78324 0,007207 2,005718
7 3,1..35 0 0,036015 13,3976 0,00055 0,204436
The value of the Pearson test (y* test) 56,91313 9,23098

Source: developed by the authors.

A larger value of the Pearson consistency criterion corresponds to a larger deviation of the
calculated value according to the statistical distribution from the experimental value according
to the actual distribution of the random variable (see (10)). According to Table 4, the normal
distribution provides a total of six times smaller value of the Pearson y° criterion compared to
the Weibull distribution. The marginal ranges of pore diameters make a particularly large con-
tribution to the formation of the y’ value for the Weibull distribution (Fig. 4).
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Fig. 4. Contribution of pore diameter ranges to the value of the consistency criterion
for the application of the normal distribution and the Weibull distribution
Source: developed by the authors.

The value of the Pearson criterion was determined by f = 7 ranges of pore diameter, there-
fore the number of degrees of freedom of the studied system:

r=f-1=7-1=6. (13)

104



TEXHIYHI HAYKU TA TEXHOJIOT T Ne 2(40), 2025
TECHNICAL SCIENCES AND TECHNOLOGIES

For six degrees of freedom and a significance level of a=0.1 (10%), the maximum allowa-
ble value of the Pearson criterion is: 10.645 [5]. For a normal distribution, the value of y° =
9.23098 is less than the maximum allowable value, which indicates the possibility of using a
normal distribution for statistical analysis of data on the variability of pore diameter. It should
also be noted that for a normal distribution, the y° value is formed uniformly throughout the
entire investigated range of pore diameters (see Fig. 4). At the same time, despite the apparent
similarity of the Weibull distribution to the actual diameter distribution, its use for quantitative
statistical analysis of data on pore diameter variability is undesirable. This is due to the fact that
the value of y° = 56.91313 for the Weibull distribution significantly exceeds the permissible
10.645. At the same time, the deviations of the calculated from the actual values are especially
significant for relatively small and, conversely, large pore diameters.

Conclusions.

Using experimentally obtained data on weld porosity, a comparison of the possibilities of
applying data analysis on pore diameter variability using the normal distribution and the
Weibull distribution was made.

An apparent comparison of the probability density graphs of the pore diameter distribution
according to the normal, Weibull distribution with the actual experimental distribution of pore
diameters shows the closeness of the Weibull distribution in shape to the actual distribution.
However, the value of the Pearson consistency criterion for the Weibull distribution is 6 times
greater than the value of y° = 9.23098 for the normal distribution. The use of the normal distri-
bution for quantitative analysis of data on pore diameter variability is also supported by the
fulfillment of the condition for the adequacy of the application of the normal distribution ac-
cording to the Pearson consistency criterion, namely y° = 9.23098<10.645.

The results obtained make it possible to use standardized tools and methods based on the
normal distribution for quantitative statistical analysis of data on pore diameter variability. In
fact, this is the entire line of tools for statistical analysis of continuous data.

A possible direction for further research is to define statistical models that adequately de-
scribe the variability of slag inclusions in welded joints. The availability of such models will
simplify the analysis of risks of extending the service life of potentially hazardous objects.

A statement on the use of generative Al and Al-based technologies in the writing pro-
cess. In the process of writing the article, generative artificial intelligence and technologies
based on generative artificial intelligence were not used.
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BU3HAYEHHS-3ACTOCOBHOCTI HOPMAJIBHOI'O TA BEUBYJIIBCHKOI'O
PO3IIOALTY JO ATAMETPA IIOP 3BAPHUX LIIBIB

Jlonycmumicmo nop y 36apHOMy W6l 6USHAUAEMbCS IX KIIbKICIMIO HA 0OUHULIO O08ICUHU wéa ma Jiamempamu nop. Monimo-
PUHE KITbKICHUX NOKA3ZHUKIE OONYCIUMOCII ROP 003607151€ COEUACHO Peazysamil Ha ix 3MIHIOBAHICIb I CYMMEBO IMEHULY8amU PUSUKU
HEBUKOHAHHS 8UMO2 00 nopucmocmi. Taxuil MOHImopune Modice 6ymu peanizo8anuii 3 BUKOPUCIMAHHAM CIAHOAPMUZ0BAHUX THCIPY-
MEHMIB 3a YMOBU A0EeK8AMHOCIE 3ACMOCYEAHHSL CIAMUCIUYHUX PO3NOOLNIS, SKI GI0N0GI0aroNb YUM IHCIPYMEHMAM.

3minroeanicmos KiibKocmi nop Ha OOUHUYIO OO8HCUHU 36APHO20 WBA A0EKEAMHO ONUCYEMbCA po3noditom [lyaccoua.
CmocosHo 3miHto8anocmi diamempa nop nonepeonimu 00CIIOHNCEHHAMU APSYMEHMOBAHO UKOPUCTIAHHA K HOPMATILHO20 PO-
3n00iny, max i po3nodiny Beiibynia.

Aoexsamuicmv 3aCMOCY8AHHA CIMAMUCIIUYHUX PO3NOOLNIE 00 3MIHIOBAHOCI diamempa NOp OOCHIOHCEHA NO OAHUX,
OMPUMANHUX NPU OOHAKOBUX YMOBAX X YMEOPEHHS.

Oyineni 3HaueHHs napamempie HOpMaIbHO20 ma Beiibyniscbko2o po3nodinie diamempy nop 0as eubipxu 3 372 3HaueHy,
OMPUMANHUX NPU HE3MIHHUX YMOBAX eKCHePUMEHMATbHO20 00CIONCeH s cmilikocmi 00 nopoymeopenns,. [lapamempu nopma-
JILHO20 PO3NOOLNY GU3HAYEHI K BUOIPKOGe MaAmeMamuyHe cnoOi6aHHsA Ma KOPiHb KeaopamHuil 610 ubiprkoeoi oucnepcii. 3na-
yeHHs napamempis popmu ma macumady po3noodiny Beiibynnia sHatioeni 3 6UKOPUCMAHHAM UMosipHicHOi cimku. Iloxkasaro,
wo 6izyanvio Belibyniecokuil po3nodin kpawe onucye axmuynuii po3nodin diamempa nop. Ipome suauenns y° xpumepiio
y3eo00ocenocmi Ilipcona ons Betibyniecvkozo po3nodiny y wiicms pasie Oinvuie, Hidc 0l HOpManbHo2o po3nodiny. Ilpu yvomy
BUKOHYEMBCA YMOBA AOEKEAMHOCTI 3ACMOCYBAHHA HOPMATLHO20 PO3NOOLTY 3a Kpumepiem y32o0acenocmi Ilipcona.

Ompumani peayriomamu 0arOmb MONCIUBICTIL BUKOPUCTNOBYEAMU 0151 KITLKICHO20 CIATMUCTNUYHO20 AHANIZY OaHUX NPO
3MIHIOBAHICMb diamempa nop CManoapmu306aHi IHCIMPYMEHMU ma Memoou 8 OCHO8Y SKUX NOKAAOEHO HOPMALbHULL PO3NOOII.
DakmuyHo ye s NHIlKa THCMPYMENMie CMamucmuyHo20 aHanizy OaHux 3a Oe3nepepenoI0 03HAKOI0.

Knrouogi crnosa: nopucmicmo 36apHux wieie,; IMIHIOBAHICMb, CIMAMUCMUYHUL po3nodin; Kpumepii Ilipcona; diamemp nop.
Ta6n.: 4. Puc.: 4. bién.: 12.
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