36ipHUK HayKkoBHX nmpanb. ['any3eBe ManIuHOOy1yBaHHS, OyTiBHUIITBO
Academic journal. Industrial Machine Building, Civil Engineering
http://journals.nupp.edu.ua/znp
https://doi.org/10.26906/znp.2020.54.2263

UDK 691.714(0.83.75)

Reflection of statistical nature of steel strength
in steel structures standards

Pichugin Sergii'*, Hajiyev Mukhlis?

' National University «Yuri Kondratyuk Poltava Polytechnic»  https://orcid.org/0000-0001-8505-2130
2 Azerbaijan University of Architecture and Construction  https://orcid.org/0000-0001-6782-0941

*Corresponding author E-mail: pichugin.sf@gmail.com

The article contains a publications systematic review on the problem of construction steels strength statistical description.
Mechanical characteristics of modern steels have a statistical variance, which is well described by normal law. The main atten-
tion is paid to the steels' statistical strength characteristics selection of different periods, such as mathematical expectation,
standard deviation (standard), coefficient of variation, etc. The analysis confirmed the high security of normative and design
resistances of low-carbon and low-alloy steels rolling profiles. The data presented in the article are intended for use in numerical
structural reliability calculations. The design standards evolution for steel structures is analyzed in the justification sense of
normative and design resistances and the experimental statistics involvement
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CTaTTs MiCTUTH CHCTEMATU30BaHHHN OTJIA ITyOTiKaliil y BelydrX HayKOBO-TEXHIYHHX JKypHaJIaxX i3 HPOOIEeMH CTaTUCTUYHOTO
onucy MIIHOCTI OyaiBeabHUX cTajeil. MinHicTh cTani — Iie BHpilaibHUil TapaMeTp Hecydoi 3AaTHOCTI OyaiBenbHUX MeTajle-
BUX KOHCTpPYKUiil. ToMy 00’ €KTHBHE OLIIHIOBAHHS MIIIHOCTI CTalli Ma€ BEJHMKE 3HAYCHHs AJIs1 3a0e3MeueHHs 1 pO3paxyHKy Ha-
IIHOCTI KOHCTPYKIIH Ta HACKHOTO OOIPYHTYBaHHS HOPM IIPOEKTYBAHH:. 32 HASIBHOCTI YHCIICHHUX (aKTOPiB, 110 BIUIUBA-
I0Th Ha MIIHICTH CTaIi, IJIKOM IPUPOIHO, II0 TIOKa3HUKH MIITHOCTI MAIOTh EBHY 3MIHHICTh, HAOYHE YSBJICHHS IIPO Ky JalOTh
CTaTHCTUYHI KPHBI PO3NOALTY PI3HHX XapaKTEPUCTHUK cTaii. Mexa TeKydocTi i iHII MeXaHIYHI XapaKTepPUCTUKH CydacHHX
CTaJeif MalOTh CTAaTUCTUYHMH PO3KUJ, KOTPHH N0Ope ONMCYEThCS HOPMAIBHUM 3aKOHOM, IO OyJI0 HEOJHOPa3oBO MiATBEp-
JDKEHO TAaHWMHM BUTIPOOYBaHHS 3pa3KiB cTalli. 3aBOACHKI BUIIPOOYBaHHS MIIHOCTI CTajli BAKOHYIOTHCS 0araTo poKiB y BEIUKIX
Macirabax, CTBOPIOIOYN 3HAYHMI MAaCHB CTATHCTHYHOI iH(pOpMarii, IpoTe 3aranpHa iHpopManiiia 6a3a IUX JaHUX BiACYTHS.
TonoBHy yBary npuzineHo BHOIpII CTATHCTHYHUX XapaKTEPHCTHK MIIIHOCTI CTajled pi3HOTO Mepiofy, TaKUX sIK MaTeMaTHIHE
CIOMIBaHHS, CEPEAHBOKBAAPAaTHYHE BiAXHICHHS (cTaHmaprt), KoedilieHT Bapiauil Ta iH. AHami3 MiATBEPAUB BHCOKY
3a0e3reveHicTh HOPMAaTUBHUX OMOPIB 1 KyTOBOI cTai, mBesepiB Ta Oanok 3 ManoByrieueBoi cram mapok Cr3mce i Cr3cm.
V GinbLIOCTI BUMAAKIB BUKOHYETHCSI BHMOTa IMpo 3a0e3redeHicTh 3HaueHb HOPMATUBHUX OMOPIiB OyaiBeJIbHUX MaTtepiaiiB 3
imoBipHictio 0,95 st crani mapku Ct3. TlokazaHo, 1o 3a0e3edeHicTh pO3PaxyHKOBUX OMOPIiB MPOdiIbHOrO MpOKaTy 3i
craneit Ct3cn i Cr3mc 3axau Buia Bix imosipaocTi 0,999. HaBeneno nani cratuctidHO 00pOOKH pe3ysbTaTiB MEXaHIYHUX
BUNpoOyBaHb HU3bKOJIEroBaHWX OyniBenpHux craneit 1412, 10I2C1, 15XCHA, 10XCHJ] Ta BHCOKOMII[HHX CTajei.
Ionani y crarTi faHi NpHU3HAUYCHI IS BUKOPHUCTAHHS Y YHCEIBHAX PO3paxyHKax HaAiHOCTI KOHCTpyKIii. [IpoananizoBaHo
€BOJIFOLIIF0 HOPM HPOEKTYBAHHS CTAJICBUX KOHCTPYKIIH y CEHCI IPU3HAYCHHS HOPMATHBHHUX 1 pO3paXyHKOBHUX OIOPIB Ta 3aI1y-
YEHHS JI0 L(OTO JOCIIAHUX CTATHCTUYHUX JaHUX
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Introduction

The steel strength is a crucial parameter of the metal
structures load-bearing capacity. Therefore, an objec-
tive steel strength assessment is of great importance for
ensuring and calculating the structures reliability and
the proper design standards justification. It is known
that the steel smelting process is quite complex and not
perfectly controlled (high temperature, melting process
time, the content of alloying impurities, etc.). Subse-
quently, during rolling, the metal is compressed, the
grains are crushed and their orientation along and
across the rolled metal is changed, which affects the
metal mechanical properties. The steel properties are
also affected by the rolling temperature and subsequent
cooling. In addition, with increasing rolling thickness,
the metal mechanical properties decrease. In the pres-
ence of such numerous factors that affect the steel
strength, it is natural that the strength indicators have a
certain variability, a clear idea of which is given by sta-
tistical distribution curves of different steel characteris-
tics. The yield strength and other modern steels me-
chanical characteristics have a statistical variance,
which is well described by normal law, which has been
repeatedly confirmed by steel samples test data. There-
fore, the undoubted relevance of regular steel strength
statistical studies is associated with the constant design
standards revision.

Review of research sources and publications

The initial data on the steel mechanical characteristics
are obtained as a result of molten steels samples stand-
ard acceptance tests in the metallurgical plants labora-
tories. The main purpose of these data is to assess the
quality and rejection of substandard metallurgical prod-
ucts. In addition, steels statistical test results are used in
the design standards preparation and revision. This pro-
cess was especially intensified with the limit states cal-
culation method introduction [1, 2]. Numerous publica-
tions of domestic researchers since the 1940s [3-16] are
devoted to the steel mechanical characteristics statisti-
cal description, in particular its strength. This problem
is actively discussed by foreign experts [17-20]. Relia-
ble steel strength statistical parameters are especially
needed to assess the metal structures reliability. This is
emphasized, in particular, in the publications prepared
by the scientific school "Reliability of building struc-
tures" of the National University "Yuri Kondratyuk
Poltava Polytechnic" [21-24].

Definition of unsolved aspects of the problem

Steel strength factory tests are performed for many
years on a large scale, creating a significant array of
statistical information. However, there is no common
information database for these data. Some of them have
been published in various scientific and technical jour-
nals, articles collections, conference proceedings. Ac-
cess to these publications is difficult, especially since
some institutions have begun to destroy paper maga-
zines in recent years, citing the transition to electronic
publications. However, in reality, the translation into
electronic form has so far occurred only for publica-
tions published after 2000.

Problem statement

The article contains a systematic publications review
in leading scientific and technical journals on the con-
struction steels strength statistical description problem.
The main attention is paid to the statistical strength
characteristics selection of different period steels, such
as mathematical expectation, standard deviation (stand-
ard), variation coefficient, etc. These data are intended
for use in numerical designs reliability calculations. In
addition, the evolution of the steel structures design
norms is analyzed in terms of changes in the purpose of
normative and design resistances and the experimental
statistics involvement.

Basic material and results

The article content is an organized publications re-
view of such scientific and technical journals as "Indus-
trial and civil construction" (formerly "Construction in-
dustry" and "Industrial construction"), "Industrial con-
struction and engineering structures”, "Construction
mechanics and calculation of structures", "News Uni-
versity. Construction and architecture”, "Building ma-
terials", "Automatic welding", etc. The review is com-
piled for the period from the 40s of the twentieth cen-
tury to the present. The paper version was mainly used
for journals published before 2000, which were in the
scientific and technical library of the National Univer-
sity "Poltava Polytechnic Yuri Kondratyuk", one of the
most complete book storages in Ukraine. Information
on later editions digitized from electronic libraries and
electronic versions of journals.

Low-carbon steel St3. Statistical low-carbon steel
strength studies were initiated before World War 11
V. Kuraev under the leadership of prof. N. Streletsky
[1]. Based on them, the minimum value of yield
strength and allowable stress was determined for steel
grade St3 equal to [ o] =1600 kg/cm?.

With the transition in 1955 of the steel structures cal-
culation to the limit states method NiTU 121-55
"Standards and technical conditions for the design of
steel structures" were introduced. For steel grade St3 in
these standards was introduced normative resistance
R"= 2400 kg/cm?, which was equal to the defective
minimum in the steel samples acceptance tests accord-
ing to the relevant GOST. The strength deviation pos-
sibility from the normative resistance in the smaller di-
rection due to the selectivity of rolled product size con-
trol and variability was taken into account by the ho-
mogeneity coefficient £ = 0.9. The design tensile, com-
pression and bending resistance was defined as
R =kR"=0.9-2400 = 2100 kg/cm?®. The design re-
sistance was equal to the minimum probable value of
the yield steel strength, which was defined as

R =G, — 36, (1)

where &, and ), — the yield strength mathematical ex-
pectation and standard deviation (standard).

The design resistance was determined on the basis of
statistical processing of steel grade St3 6 thousand fac-
tory tests results of different plants [2].
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In the 60s of the last century in the metallurgical
industry there were significant changes in low-carbon
steel production: developed oxygen-converter smelt-
ing, mastered new deoxidation schemes (semi-
quenched steel), increased open-hearth furnaces capac-
ity, increased ingot weight. This is reflected in the
next edition of SNiP II-B.3-62 "Steel structures.
Design standards". They introduced two calculated
supports — the yield strength of R=2100 kg/cm?
(as Dbefore) and the temporary resistance of
R, =2600 kg/cm?. It were separated open-hearth and
converter steels, as well as steel deoxidation degrees:
calm (sp), boiling (kp) and semi-calm (ps).

The mentioned metallurgical technology develop-
ment and design norms revision had a certain influence
on the steels mechanical properties. Therefore,
CNDIBK carried out statistical processing of the open-
hearth thick steel St3 acceptance tests results according
to GOST 380-60 with a thickness of 2 — 60 mm at three
metallurgical plants: Magnitogorsk Metallurgical Plant
(MMK), Kommunarsky Metallurgical Plant and Ilyich
Metallurgical Plant (Mariupol) [4]). The obtained re-
sults are given in table 1. These studies have shown that
the rolled low-carbon steel St3 mechanical properties
in these years have decreased significantly (especially
in terms of yield strength and toughness). Therefore, it
was concluded that the steel acceptance testing method
at that time (especially the yield strength determina-
tion) needed significant improvement.

With the data given in table 1 the statistical pro-
cessing results of various metallurgical enterprises steel
VSt3 mechanical tests results published a little earlier
are connected [3]:

—yield strength'

0, =281,0 MPa; 0, =23,4 MPa; 0, = 350,0 MPa;
— temporary res1stance.

G,=456,4 MPa; &,=216 MPa; 0, .= 520,0 MPa.

It is known that in cases where the control tests results
meet the GOST and TU standards, the consumer can
get a metal with the strength characteristics values be-
low the standard resistances. In the article [5] the devi-
ations probabilistic analysis are considered in norms by
homogeneity coefficient (coefficient of reliability on
material) is executed.

In preparation for the next steel structures revision, in
the late 70's CNIDBK conducted a large-scale data pro-
cessing of steel St3 26 thousand acceptance tests [7],
the results of which are partially given in table 1.
They generally correspond to the previous tests results
and confirm a smaller data statistical scatter on the tem-
porary resistance compared to the yield strength.
The statistical information resulting array was linked to
the main steel structures calculation provisions at the
limit states. In particular, the steel St3 normative and
design resistances probabilistic provision estimation
was carried out (Table 2).

Data analysis of table 2 allowed substantiating the
following conclusions:

— the standard sheet metal resistances provision up to
10 mm St3ps and St3kp steels thick is low, which is
explained by a significant less strong rolled steel share;
— high security of normative resistances R, and R, of
angle steel, channels and beams from the St3ps and
St3sp brands steel;

— the requirement to ensure the building materials nor-
mative resistance values with a 0.95 probability for
steel St3 in most cases is met;

— the calculated resistances values security after
strength limit is higher, for which the security in all
cases is close to P = 1.00, and the safety characteristic
r=5-9;

— the rolled steel design resistances probabilistic provi-
sion from St3sp and St3ps steels is always higher than
the 0.999 probability, with safety characteristics
=4 — 6. Therefore, CNDIBK proposed to increase the
design resistance BSt3sp to 230 MPa and BSt3kp to
220 MPa, which was implemented during the revision
of design standards.

In the new edition of SNiP 11-23-81 «Steel structures»
it were introduced for steel St3 two strength groups (at
the suggestion of the Institute of Electric Welding
named after EA Paton), grades were replaced by classes
(steel St3 was assigned to classes C235, C245 and C255
depending on the degree of deoxidation and strength
groups), differentiation was introduced depending on
the rolling type (sheet or shaped) and the profiles thick-
ness. To move from the normative to the design re-
sistance instead of the homogeneity coefficient now the
reliability coefficient for the material is used:

Ry=Ry/Vw . R,=Rpy/tn 2)

where Ry, and R., — normative resistances, respec-
tively, after the yield strength and temporary re-
sistances;

Ry and R, — similar design resistances.

Substantiated statistically new reliability coefficients
on the material differ insignificantly from the unit:
7w =1.025 —1.100.

The CNDIBK staff article [8] summed up the results
of the first SNiP 1I-23-81 implementation years, which
led to significant savings in steel in construction. Sub-
sequent editions of the Ukraine DBN B.2.6-198:2014
«Steel structures. Design standards» norms and Rus-
sia's SP 16.13330.2017 «SNiP 1I-23-81*» do not differ
in principle from SNiP II-23-81 in terms of steels
strength rating of [16].

Recently, the light thin-walled steel structures use has
expanded. It was found that the cold steel profile for-
mation leads to their strengthening. To detect it, the sta-
tistical processing of two steels samples test results was
performed [9]. The obtained strengthening factor is
well described by normal law and has the following pa-
rameters:

- 14G2

— VSt3sp

1.17, m=0.082, V'= 6,4 %;
-m=131,m= 0,066, V=15,0 %.
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Table 1 — Statistical data on the mechanical characteristics of sheet steel St3

Yield strength
Steel Date, source ay, MPa 6y, MPa vy, %
1968 [4] 284,1 310, 21,9257 7,55
St3kp 1980 [7] 266,0 29,0 10,9
1968 [4] 293,6 3122 21,5268 7,30
St3ps 1980 [7] 265,0 — 289,0 25,0 - 30,0 9.9
1968 [4] 232,6 2940 15,9259 58-9,1
Stsp 1980 [7] 268,0 — 294,0 22,0270 8,7
Temporary resistance
Steel Date, source 0y, MPa 6y, MPa Vi, %
1968 [4] 42244330 234-29.1 5,83
St3kp 1980 [7] 410,0 30,0 7,32
1968 [4] 44184360 20,6 27,1 4,75
St3ps 1980 [7] 420,0 — 437,0 25,0-27,0 6,07
1968 [4] 417,0 - 459,0 192234 5,54
Stsp 1980 [7] 433,0 - 440,0 20,0 - 25,0 5,15

Designations: @, 6, V, — accordingly average value, standard, coefficient of yield strength variation;
0y, 0y, V. — the same as the strength limit (temporary resistance).

Table 2 — Probabilistic provision of normative and design resistances of steel St3

Normative resistance Design resistance
after yield strength after limit of strength

Profile Steel P(Ro) P(Rur) . y P(i ¥ . P(Rgu)
Sheets St3kp 0,893 0,841 1,94 0,974 5,00 ~1
St3ps 0,894-0,991 0,929-0,989 | 1,97-3,12 | 0,976-0,9986 | 5,92-7,07 ~1
St3sp 0,921-0,998 0,984-0,996 | 2,15-3,82 | 0,984-0,9999 | 6,96-8,65 ~1
Steel St3kp 0,989 0,913 3,09 0,999 5,65 ~1
angular St3ps 0,999 0,985 4,05 0,99997 7,72 ~1
St3sp 0,999 0,993 3,92 0,9998 7,07 ~1
Chan-nels, | St3kp 0,999 0,985 4,04 0,99997 7,95 ~1
beams St3ps 0,9999 0,9996 5,24 ~1 8,95 ~1
St3sp 0,9999 0,999 5,67 ~1 6,46 ~1

Designations: y, y,—normalized deviations of calculated resistances from average values (safety characteristics)

Low-alloy steels. 1t is no coincidence that statistical
studies of the ordinary strength low-carbon steel prop-
erties were the most extensive. According to the data
from the end of the 1980s, 80% of this rolled steel with
yield up to 245 MPa strength was used for the building
steel structures production. High strength low-alloy
steels with 325 —345 MPa yield strength of were 15%,
rolled high-strength steels with at least 390 MPa yield
strength — only 5% [8]. Therefore, it was important to
deploy research on strength steels.

Back in the 1955 — 1957 postwar period, the Chelya-
binsk Plant of Metal Structures performed large-scale
statistical mechanical tests of natural alloy steel NL2
(15SHSND) (30 thousand tons), supplied by MMK,
Kuznetsk Metallurgical Plant (KMK), Nizhny Tagil

Metallurgical Plant and Plant named after Dzerzhinsky
[10]. The NL2 steel yield strength distribution was well
described by the normal law with the characteristics of
d,= 382.0 MPa, 6,,= 27.3 MPa. The author of the pub-
lication, a well-known specialist B. Belyaev calculated
the coefficient of homogeneity K., = 0.757 according
to the author's method, taking into account the minus
tolerances on the cross rolled sections dimensions,
which gave the following steel NL2 (1SHSND) design
resistance value:

R =K, 0, =0.767%382 ~ 290 MPa.

Therefore, a reasonable conclusion was made that the
290 MP design resistance adopted in the norms of
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NiTU 121-55 is in full compliance with the actual me-
chanical properties of NL2 steel. However, B. Belyaev
criticized the rejecting steel system, because the
340 MPa rejection minimum was at a standard 1.43 dis-
tance from the average value, which led to the probable
steel 7.6% rejection. Therefore, the author of the article
proposed to accept the rejection minimum at the level
of 3 standards, ie 382 — 3x27.3 = 300 MPa.

In the mid-1960s, statistical processing of the mechan-
ical tests results of low-alloy construction steels 14G2,
15 HSND, 10 HSND in the amount of 225, 575 and 507
factory tests, respectively, at MMK, NTMZ, KMK,
OHMK (Orsko-Khalilovsky) and other metallurgical
enterprises was performed [3]. The obtained results are
summarized in a table. 3, the data for steel 1SHSND
differ from the previous ones [10] by a higher standard
—34.5 MPa compared to 27.3 MPa at the same average
values.

A detailed low-alloy steel 10G2S1 statistical study
was conducted in the late 60's B. Uvarov at the Ilyich
Metallurgical Plant (Mariupol) [11]. Sheets with a
26 — 119 mm thickness were studied, the samples num-
ber was 1200. The mechanical characteristics distribu-
tion curves the were close to normal with a slight asym-
metry. A decrease in the steel mechanical characteris-
tics with increasing sheet thickness was found. This
general trend was described by the following regression
equations:

— average value:

0,=41.3-0.0855;

o, =56.5-0.0396;
o5 =27.7-0.0196.
— standard:

6'y =2.67-0.0060;
6, =2.70-0.0145;
65 =2.29-0.0076.

Here the strength o is in kg/mm?; thickness & in mm;
relative elongation os in %.

The yield strength standards and temporary resistance
decrease with increasing thickness due to the mechani-
cal properties alignment with slow thicker sheets
cooling.

The homogeneity coefficient was determined in the

usual way
‘e L=V +V7}
1=y7

where y— safety factor (accepted in the norms equal
to 3);

V, — yield strength variation coefficient;

Vr=0.043 — variation coefficient by area.

After substituting the numerical values into the for-
mula, the homogeneity coefficient was obtained
k=0.79. The formula for the design resistance was ob-
tained by the regression line equation

R=32.6-0,0680

It turned out that with increasing sheet thickness for
every 15 mm, the design resistance decreases by
10 MPa. This was taken into account in table 4.

The recommended rolled products division into
groups narrower than the norms could have some eco-
nomic effect, but was not fully implemented.

In the early 80's, experts from the Moscow Institute
of Civil Engineering (MIBI) conducted high-strength
steels statistical studies [12]. Data on strength class
C70/60 steel 12GN2MFAYU were obtained by the ac-
ceptance tests results at OHMK, the sample size —
4 thousand tests. Sheet metal with a 12 — 40 mm thick-
ness was tested.

The obtained results: the average yield strength value
a, = 710,4 MPa; temporary resistance 7,, = 806,4 MPa;,
average elongation 05 = 16,11%. Steel within the batch
is heterogeneous (327 tested batches): the properties
distribution standard within the batch in the general
distribution standard shares is: 0,53 after the yield
strength and 0,48 after the temporary resistance.

The investigated rolled metal meets the requirements
for steel of class C 70/60: /y € 60 MPa; [a€70 MPa;
™ & 12 %. According to the test results, high-strength
steel grade 12GN2MFAYU can be considered promis-
ing for responsible welded metal structures operating
under dynamic loads and operated at negative temper-
atures below -40 ° C.

Table 3 — Statistical data on the mechanical characteristics of low-alloy steels

Steel Yield strength o, MPa Temporary resistance g,,,,, MPa
ee = ~ - ~
gy by Oy max ay Gy, Oy max
14G2 398,8 36,0 510,0 552,0 38,6 670,0
I5XSNID 389,2 34,5 500,0 562,4 30,0 660,0
10XSNID 458,7 37,6 580,0 597,5 34,6 710,0
Table 4 — Recommended sheet steel design resistances
Thickness, mm o 38 39 -52 53 -68 69 — 82 83 -98 99 -110
R, MPa 300 290 280 270 260 250
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The new high-strength steel properties statistical
analysis with nitride hardening grade 16G2AF was
performed at OHMK on the basis of a 6.5 thousand
tests sample [13]. Sheet metal with a thickness of
10 — 40 mm was tested. Steel in the normalized state
had an yield strength average value g, =470 MPa;
temporary resistance g,, = 650 MPa. Heat-treated steel
had slightly higher characteristics — the yield strength
average value d,= 550 MPa; temporary resistance
0, = 680 MPa. Steel within the batch is heterogeneous
(816 batches were tested): the normalized steel proper-
ties distribution standard within the batch in the general
distribution standard shares is: 0,518 after the yield
strength and 0,607 after the temporary resistance. It was
concluded that the developed steel in terms of both
strength and plastic characteristics meets the require-
ments for high-strength steels.

Recent publications describe new high-strength steels
of large thickness [14, 15]. Rolled steels C345, C375,
C390 and C440 have high engineering properties and
good weldability. Thermomechanical high purity hard-
ened steels can be referred to the third construction
steels generation and be used in the most responsible
and unique building metal structures.

Conclusions

A systematic works review on the problem of con-
struction steels strength statistical description is real-
ized. The main attention is paid to a sample of different
periods steel strength statistical characteristics, such as
mathematical expectation, standard deviation (stand-
ard), variation coefficient, etc. These data are intended
for use in structures reliability numerical calculations.
The steel structure design norms evolution is analyzed
in terms of changes in the purpose and provision of nor-
mative and design resistances and the experimental sta-
tistics involvement.
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