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Abstract

Introduction. Non-destructive methods are most often used to assess the condition of the metal structure. Dangerous
stress is determined by the value of the yield strength. This approach has weaknesses. This is, firstly, the probabilistic
nature of the methodology (the minimum value of the indicator obtained during laboratory tests is entered into the
regulatory and technical documentation). Secondly, the limitations on the number of samples should be overcome.
Thirdly, the different duration of operation causes a significant difference in the mechanical characteristics of the metal,
which to a certain extent complicates the long-term prediction of the condition of the structure. The presented work is
designed to solve these problems within the framework of the study of new and long-operated facilities in the Rostov
region. The scientific research objective is to analyze fatigue changes and determine possible degradation of the metal.
Materials and Methods. The mechanical characteristics of the material under study were reliably described by the
Weibull distribution law through the shear parameter (the minimum possible value of the characteristic) and the shape
parameter (magnitude dispersion). For scientific research, the indentation method based on a modified Rockwell
hardness estimation method was used as part of the work. A conical indenter was embedded in the surface, then the
reaction of the metal was analyzed. To implement the method, an analog-to-digital converter and a laptop were used.
For correlation analysis, intermediate characteristics were taken: depth, maximum and minimum velocities, maximum
and minimum acceleration of cone insertion. A correlation was established with the mechanical characteristics
determined by standard tensile and hardness tests of the metal.

Results. Objects with zero and long-term operation were studied. The measurements were carried out in a warehouse,
production site, stadium, bridge, Palace of Sports and on a power line support. From the group of new and used
structures, one was selected for a detailed fixation of the values of yield strength. So, before the start of operation, the
condition of three metal trusses of the warehouse was analyzed. It was established that the lowest value of the yield
strength here was 240 MPa, the maximum was 345 MPa. On the power transmission line poles, which have been in
operation for 43 years, the lowest recorded value of the yield strength was 235 MPa, the highest was 384 MPa. For each
of the six structures, the minimum and average distribution of the metal yield strength values was given, and the
coefficients of variation of this indicator were given. The recorded values were summarized in the form of a table. The
average values for all new and used designs were calculated. Graphically presented data illustrate the growth of the
coefficients of variation of the yield strength with increasing service life.

Discussion and Conclusion. A comparative analysis of the obtained values of the yield strength of building structures
of approximately the same strength class suggests that the influence of operating time can both increase and decrease
the studied indicator. At the same time, long-term operation is a factor that increases the average value of the coefficient
of variation. To monitor the strength capabilities of the structure, it is advisable to use a non-destructive method,
selectively monitoring the mechanical characteristics of the elements before and during operation.
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AHHOTAIHUSA

Beedenue. JIns OLEHKH COCTOSHHMA MeTajula KOHCTPYKIMHM dYallle BCEro MPUMEHSIOT HEepa3pylIarollde METOJBI.
OmnacHoe HampsDKEHUE ONpeAeIeTCs 0 3HAUYCHUIO Mpefielia TeKy4ecTH. Y TaKoro IMOoAXo1a ecTh ciaadbkie Mecta. JTo,
BO-TICPBBIX, BEPOSTHOCTHAS MPUPOJIA METOIUKH (B HOPMATHBHO-TEXHUIECKYIO TOKYMEHTAINIO BHOCUTCSI MUHUMATIHHOE
3HaYCHUE MMOKa3aTelsd, IOIYICHHOE TIPH JTa00PATOPHBIX UCTBITAHUAK). BO-BTOPHIX, CleMyeT MPeoaoieTh OTpaHunICHUS
Mo YHCITy o0pasnoB. B-TpeTeux, pasHas IMTEIHFHOCTh OKCIUTyaTallid OOYCIOBIMBACT 3HAYUTEIBHYIO Pa3HHILY
MEXaHMYECKHX XapaKTEPUCTHUK METajla, YTO B M3BECTHOM CTENEHU OCIIOXKHIET JOJTOCPOYHOE MPOrHO3HPOBAHHE
cocTosiHUSL KOHCTpykuuu. IlpeacraBieHHass paboTa Hpu3BaHa PEIIMTh ITH 3aJlaud B paMKaX HCCIEOBAaHUS HOBBIX
U IaBHO JKCILTyaTHPYEMbIX OOBEKTOB B PocToBckoi oOmacTu. llenh HaydHBIX M3BICKAHMH — aHAJN3 YCTaJIOCTHBIX
HM3MEHEHUH U ONpeie]IeHne BO3MO)KHON Aerpafalliil MeTaa.

Mamepuanvt u memoovl. MexaHHUECKUE XapaKTEPUCTUKH HCCIEAYeMOro Marepuana JIOCTOBEPHO OIHCHIBAIOTCA
3aKOHOM pacrpesencHus BeliOyma uepes mapaMeTp caBura (MUHMMAaIbHO BO3MOXKHOE 3HAUCHHE XapaKTCPUCTHUKH)
1 mapametp (QOpMEI (paccenBaHHWE BEIWYHMHBI). [ HayYHBIX W3BICKAHUN B paMKax paOOTHI 3aJeHCTBOBANHA METOX
WHICHTHPOBAHUS, OCHOBAaHHBIH Ha BHIOM3MEHEHHOM crocolOe OIeHKH TBeproctu 1o Poxeemry. Koxudeckwit
WHIEHTOpP BHEAPSETCS B IOBEPXHOCTb, 3aT€M aHAJM3UpYyeTCs peakuus MeTtama. s peannzauud MeToaa
BOCIIOJIE30BANIACH AHAIOTOBO-IIM(POBEIM TpeoOpazoBaTenieM U HOYTOyKOM. It KOPPEIIIUOHHOTO aHanm3a Opaiu
MIPOMEXYTOUHBIE  XapaKTePUCTHUKU: TIIyOMHA, MaKCHUMaJbHas M MHHMMajJbHas CKOpPOCTH, MaKCHMalbHOE
1 MHHHUMAJIFHOE YCKOPEHHE BHEAPEHHS KOHyca. Y CTaHaBIMBANIACh KOPPEIAIUI C MEXaHUYECKIMHU XapaKTePUCTHKAMH,
OTIpE/IeTICHHBIMH 110 CTaHAAPTHBIM HCIIBITAHUSAM Ha PacTsDKEHHE U TBEPAOCTh MeTajlIa.

Pezynomamut uccnedosanua. VI3ydaniuch 0ObEKTH ¢ HyJIEBOH M MHOTOJIETHEH 3KCIUTyaTanueil. 3aMepsl MPOBOAMIN Ha
CKJIaJzie, IPOU3BOJICTBE, CTaIMOHE, MOCTY, BO J/[BOpIle cropTa M Ha Omope JMHUHU 3JIeKTporepenad. V3 rpynisl HOBBIX
1 OTpabOTaBIINX COOPYKEHUI BBHIOpAN MO OJHOMY JUIS IMOAPOOHOM (PUKCAIlMU 3HAYCHUH MPEeNioB TeKydecTH. Tak,
0 Hadaja SKCIUTyaTalil TMPOaHAIM3UPOBAINA COCTOSHHE TpPEX METaIUTMYeCKHX (epM CKiama. YCTaHOBJICHO, YTO
HauMEHbIIE 3HaYeHue Mmpeaena TekydyecTd 3aecb — 240 MIla, makcumansHoe — 345 Mlla. Ha onopax nuHuM
aJIeKTponiepeiay, ObIBIIMX B 3KCILTyaTanuu 43 roga, camoe HU3Koe 3aMKCHPOBaHHOE 3HAYCHHUE ITPEeesa TeKyIeCTH —
235 Mlla, camoe Bbicokoe — 384 MIla. Iy KaXJ0ro U3 MECTH COOPYKEHUH MPUBOAUTCS MUHUMAIBHOE U CpEIHEe
pacupeneneHue 3HAYEHHH IIpefena TEKydecTH MeTaia, AaHbl KOd(D(UIIMEHTH BapualMd 3TOTO ITIOKa3aTels.
3adukcupoBaHHbIE 3HA4YEeHUS OOOOIIEHBI B BuJe TaONWIBI. PaccuuTaHbl CpeqHHME TOKa3aTeld IO BCEM HOBBIM
1 OTpabOTaBIIMM KOHCTPYKIMAMHU. ['paduueckn mNpencTaBIeHHbIE NaHHBIE WIIIOCTPUPYIOT POCT KO3(PQPHUIMEHTOB
BapHaIlUH MpeJiesia TEKYIEeCTH C yBETMUEHHEM CPOKa SKCILUTyaTalliH.

Obcyscoenue u 3akniouenue. CpaBHUTENBHBIM aHANIM3 IMOTYYEHHBIX 3HAUEHUH Mpeaena TeKy4eCTH CTPOMTEIIBbHBIX
KOHCTPYKIMH NpUOIM3UTENFHO OJHOTO Kijlacca IMPOYHOCTH II03BOJSIET MPEIOJIOKHUTh, YTO BIMSHHE BpPEMEHH
JKCIUTyaTallMd MOXKET KaK YBEJIMYMTh, TaK U YMEHBIIUTh HUCCIEAyeMbll mokasarens. Ilpu 3ToM unTenbHast
JKCITyaTtanuss — (aKTop, YBEIMYHMBAIOIIMK cpeaHee 3HaueHWe koddduimeHra Bapuanuu. [ljii MOHUTOpPUHTA
MIPOYHOCTHBIX BO3MOXXHOCTEH KOHCTPYKIIHMH IIeJIeCOO0pa3HO 3aJeWCTBOBATH HEPA3pyLIAIOIIUIT METOA, BBIOOPOYHO

OTCJIC)KMBAA MEXAHNYECCKUEC XAPAKTCPHUCTUKHU DJIEMEHTOB 10 U B IIPOLECCE DKCILTyaTallunu
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AHaTOJ’ILeBI/ILIy BepeMeeHKo 3a IOMOIlb B O6CJ'I€Z[OBaHI/II/I MeTaﬂﬂOKOHCprKHHﬁ.

s nurupoBanusi. Bepruesu H.JI. Koadumnmenr Bapuamuu npenena TeKy4ecTH MeTajlla HOBBIX M JIOJITOE BpEMs
9KCIITyaTHPOBABIIMXCA CTPOHUTENBHBIX KOHCTPYKIMH. be3onacnocmb mMeXHO2EeHHbIX U HPUPOOHBIX  CUCTHEM.
2023;7(3):44-54. https://doi.org/10.23947/2541-9129-2023-7-3-44-54

Introduction. In diagnostics, restoration, reliability assessment or reconstruction of long-used steel structures, it
becomes necessary to find out the mechanical characteristics of metal, including its fatigue indicators. For plastic
materials, which include steel structures, dangerous stress is determined by the yield strength value. As it is known, it
has a probabilistic nature; its minimum value obtained during laboratory tests of a limited number of samples is entered
into the regulatory and technical documentation. In most cases, the metal structure condition is assessed using non-
destructive testing.

Mechanical characteristics (in particular, yield strength) undergo certain changes while in service [1]. The study
provides a comparative analysis of the yield strength values of the metal of one strength class in structures before
operation and after decades in use. The values of the yield strength were obtained during the examination by the non-
destructive indentation method.

Many sources describe metal changes during the operation of the structure. At the same time, there is no single point
of view regarding the direction of such transformations. Much depends on the nature of the material and the duration of
operation. Thus, in the nuclear power industry, the metal of structures almost does not change over 30-40 years of
operation [2]. In [3], there is a decrease of almost 40 % in the cyclic strength of steels 20 and 45 after 15 years of
storage. The authors of [4] emphasize that 40 or more years of operation of the main gas pipeline have almost no effect
on the mechanical characteristics of steel. At the same time, in [5], a decrease in plasticity is recorded with a constant
value of the strength limit of the gas pipeline metal after 37 years of operation. In [6], the danger of gas pipeline failures
during long-term operation due to degradation processes in the metal is indicated. In [7], a decrease in impact strength
after prolonged operation is described.

For 17G1C steel, in the first years of operation of the gas pipeline, there is an increase in strength with a decrease in
ductility. In the period from 20 to 30 years of operation, there is a steady decrease in both strength and ductility [8].
Obviously, with significant differences in service life, we can expect a significant difference in the mechanical
characteristics of the metal, which complicates the long-term prediction of the condition of the structure. The approach
proposed in this article is designed to overcome this and the limitations mentioned above: the probabilistic nature of the
indicator and the insufficient number of samples.

Several objects in the Rostov region with zero and long-term operation were examined. As a result, new data on the
yield strength of real metal structures were collected and summarized. The objective of the presented scientific work is
to analyze the changes and to assess the possible degradation of the metal.

Materials and Methods. Let us try to quantify the changes in the mechanical characteristics of the metal. To do
this, we consider the same structural elements before and after long-term operation. Such monitoring is periodically
carried out in relation to the metal of the main pipelines. At the same time, it is even possible to predict the residual
durability of the material [9, 10]. However, it is difficult to implement such an approach for other metal structures. In
this case, you can use the information obtained by the method of non-destructive testing of metal. Ensuring the
correctness of such data assumes that:

— similar constructions are compared;

— the controlled elements are made of metal of the same strength class;

— the sample of processed data is quite representative.

The authors [11] claim that the strength class of steels for metal structures is determined by certain intervals of yield
strength, strength and elongation. Hence, it is necessary to compare metals with mechanical characteristics that fit into
these intervals. For example, for steel of strength class C-285, the yield strength is allowed in the range from 265 MPa
to 285 MPa, i.e. it is determined with an error of 7.55 %.

Only non-destructive methods are suitable for the diagnosis of the existing structures. For example, acoustic
emission is used for:
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— finding defects in metal [12];

— monitoring of the stress state [13];

— detection of fatigue crack growth [14] in pressure vessels;

— determination of the beginning of active metal cracking [15];

— control of welded joints [16, 17].

At the same time, the issues of the optimal arrangement of devices for determining defects in structures of complex
shape are solved [18].

With the help of electromagnetic control, the specified hardness of the metal is fixed [19]. In addition, methods of
direct mechanical interaction with metal during indentation are used to assess:

— the residual stresses in the metal [20];

— the initial value of the yield strength [21].

Mechanical characteristics are reliably described by the three-parameter Weibull distribution law?®:

FX) = 1—exp[—((X - O)/AF],
where X — value of the mechanical property; C — shear parameter that determines the minimum possible value of the
characteristic; B — shape parameter by which it is possible to judge the dispersion of this property.

It is obvious that as a result of the impact of operational loads, the average, minimum values of the mechanical
characteristics of the material may change. As a consequence, the standard deviation and the coefficient of variation of
the values of mechanical characteristics change.

The indentation method used in the article is based on a modified Rockwell hardness estimation method. The
conical indenter is shockingly (not statically) embedded into the polished test surface under the conditions:

- energy is 0.16 J;

- angle at the top is 90 °.

Then the reaction of the metal is analyzed. 10 sq. cm. of the free area of the metal [22-24] or the welded joint [25] is
enough for work. To implement the method, an analog-to-digital converter (ADC) and a laptop were used. With the
help of the ADC, the dependences of the speed change on the time of the introduction of the conical indenter of the
mechanical part were obtained. Then the signal was programmatically processed in a laptop and the dependencies of the
indenter movement and acceleration on time were obtained. Then we took the intermediate characteristics obtained
from the graphs: depth, maximum and minimum speeds, maximum and minimum acceleration of the cone insertion.
They became the object of correlation analysis. A correlation was established with the mechanical characteristics
determined by standard tensile and hardness tests of the metal. As a result of studying metals of various strength classes,
universal correlations of standard mechanical characteristics from intermediate ones were obtained and recorded. Then,
when metal was indented, its standard mechanical characteristics at the point under study were almost immediately
displayed on the laptop display. The instrumentation provided the total dispersion caused by the spread of properties in
the metal and the measurement error. The limit values of the error of one measurement were + 4 %. The ability to
quickly obtain 10-20 values on a local section of metal eliminated this error. And with the prompt receipt of an
unlimited number of measurements, a high representativeness of the sample was ensured. Before each examination, the
device was calibrated:

— the yield strength was measured on samples with previously known properties obtained during standard tensile
tests on the IR-200 tensile testing machine;

— then the adjustment was performed.

Results. The objective of the study was to obtain a quantitative comparative assessment of the possible degradation
of metal during long-term operation. For this purpose, the values of the yield strength of steel structures with zero and
long service life were fixed by the non-destructive indentation method.

Therefore, new structures were considered:

— warehouse on Lugovaya Street, 8 in Rostov-on-Don (Table 1);

— production building on 1-st Pyatiletki Street, 71 in Bataysk (Fig. 1);

— columns of the stands of the Torpedo Stadium in Taganrog (Fig. 2).

1 GOST R 50779.27-2017 (IEC 61649.2008). Statistical methods. Weibull distribution. Data analysis. Electronic fund of legal and regulatory
documents. URL: https://docs.cntd.ru/document/1200146523 (accessed: 19.06.2023).
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Table 1
Data from the survey of metal structures of the warehouse at Lugovaya Street, 8
Yield strength values, MPa
Truss 12 Truss 15 Truss 18

240 265 279 298 236 263 277 305 244 270 287
240 266 280 298 237 263 277 307 244 270 287
241 266 280 298 237 263 277 307 244 270 288
241 266 280 299 237 264 277 309 248 271 289
242 267 281 299 237 264 277 309 249 272 289
243 267 281 299 237 265 277 312 249 272 289
243 268 281 300 237 265 278 313 249 273 290
244 269 282 302 239 266 278 315 249 273 290
245 269 282 303 239 266 278 317 250 273 291
247 269 282 303 241 266 278 325 252 273 292
248 270 283 304 243 266 278 329 252 273 293
248 270 283 304 243 267 279 332 253 274 294
250 271 284 306 243 267 280 339 253 274 295
250 271 284 307 245 267 280 345 254 274 295
250 271 284 307 246 268 280 351 256 274 296
251 272 284 307 247 268 281 256 275 297
251 272 285 308 247 268 281 257 275 297
251 273 285 309 249 269 282 257 275 298
251 273 286 309 250 269 282 257 277 299
253 274 286 309 250 269 283 257 277 299
253 274 287 312 252 269 284 257 277 299
254 274 287 313 252 270 284 258 277 300
254 274 288 313 252 271 284 259 278 300
254 274 288 313 252 271 285 259 278 300
255 274 289 314 253 271 285 259 278 301
255 275 289 314 253 272 285 260 279 301
256 275 290 315 255 272 286 260 279 306
256 275 290 315 256 272 286 263 279 311
257 275 290 316 256 273 287 263 280 312
258 276 291 317 256 273 287 263 281 313
258 276 291 317 256 273 287 264 282 315
258 277 291 318 256 273 288 264 282 316
258 277 291 319 257 273 289 264 282 317
258 277 291 320 257 274 289 265 283 318
258 277 291 320 258 274 289 265 283 318
259 277 292 320 259 274 290 265 284 320
260 277 292 327 259 275 290 266 284 324
260 278 293 339 259 275 291 266 284 324
260 278 293 343 260 275 293 266 284 326
261 278 294 343 260 275 295 266 284 326
261 278 294 346 260 275 295 266 285 331
262 278 295 347 260 275 297 267 285 333
262 278 295 350 261 276 297 267 285 340
262 278 296 352 261 276 300 268 285 345
264 278 296 353 262 276 301 269 286 345
264 279 296 353 262 276 302 269 286

264 279 297 262 276 302 270 286
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Fig. 1. Distribution of the metal structures yield strength values of the production building in Bataysk: cTmin = 246 MPa,
olcp =277 MPa, CV = 0.054

Here and further, the sample minimum ot min, the sample average ot cp and the coefficients of variation of the yield
strength CV are indicated. Ordinate is a scale of the frequency of values. The numbers above the columns are the
number of measured values in a specific interval.
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Fig. 2. Distribution of the metal yield strength values of the columns of the Torpedo Stadium in Taganrog: cTmin = 240 MPa,
oTep =272 MPa, CV = 0.068

The metal, which had been in operation for several decades, was studied at the following objects:
— railway bridge at Likhaya station (65 years old, Fig. 3);
— the roof trusses of the Sports Palace in Rostov-on-Don (39 years old, Fig. 4);
— braces of load-bearing structures of the power transmission line poles HV line 330 "Novocherkasskaya GRES —

Yuzhnaya" (43 years, Table 2).
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Fig. 3. Distribution of the metal structures yield strength values of the bridge at the Likhaya station:
oTmin =188, oTcp = 257, CV = 0.127

40

238 240 241 245 248 252 257 265 270 289 309 312 339 369 388 Mlla

Fig 4. Distribution of the metal trusses yield strength values of the coating of the Sports Palace in Rostov-on-Don:
oTmin =238 MPa, 6Tcp =263 MPa, CV =0.11

Table 2
Examination results of power transmission line poles HV line 330
Yield strength values, MPa
235 244 249 259 275 282 288 357
236 245 251 261 278 282 291 357
237 246 255 263 280 282 292 366
238 246 256 265 280 283 294 380
239 247 256 269 281 284 295 380
239 248 259 272 282 286 303 384

The data in Table 2 were checked for compliance with the three-parameter Weibull distribution law. It was
necessary to estimate the theoretical, and not the selective minimum value of the yield strength ot min. As a result of the

calculation, the theoretical value turned out to be less than the selective one by 6 MPa (229).
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Let us note that the elements of the new structures were not affected by the stress-strain state, and those that were in
operation for a long time were in a state of:

— compressed-bendable (upper belts of the coating trusses);

— stretched-flexed (lower belts of trusses covering);

— stretched (stretch marks).

The yield strength values obtained as a result of non-destructive testing are ranked in ascending order for better
informativeness in Tables 2 and 3.

The steels of all new metal structures and HV line 330 can be attributed to the strength class C285. The metal of the
bridge at the Likhaya station has an average yield strength of 8 MPa below the limit specified in [10]. The steel
structures of the Sports Palace are 11 MPa higher.

The results of the comparative analysis are shown in Table 3 and Figure 5.

Table 3
Research results summary
Parameters
. Metal yield strength values, MPa Calculation of the a_lve_rage coefficient of
Object variation
Mean or Minimum in the| Mean oTmin Standard deviation | Average value for
sample oTmin for objects (MPa) / CV objects
Warehouse 276 236 23.7/0.085
Production building 277 | 274 246 239 14.5/0.054 0.069
Stadium 272 240 18.5/0.068
Sports Palace 263 256 28.8/0.11
Electric power line HV
. 280 | 267 235 226 39.8/0.142 0.123
line 330
Railway bridge 257 188 33,5/0,127
0.16
0.142

0.14 0.127
0.12 0.11
0.1 0.085

0.08 0.068
0.06 0.054
0.04
0.02

0

1 2 3 4 5 6

Fig. 5. Coefficients of variation of yield strength before and after long-term operation: 1 — stadium, 2 — warehouse, 3 — production
building, 4 — railway bridge, 5 — electric power line HV line 330, 6 — Sports Palace

Discussion and Conclusion. Let us compare the average values of the coefficient of variation of new and long-used
structures. From Table 3 it can be seen that after long-term operation, this indicator will be on average 1.78 times higher
(0.123 times more than 0.069). The maximum coefficient of variation of the yield strength (0.142) was found on the
power transmission line poles HV line 330 (43 years of operation). The minimum value of the yield strength (188 MPa)

is for the metal of the bridge at the Likhaya station, which has been in operation for 65 years.
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The possible theoretical minimum values of the yield strength decrease relative to the sample values, which can also
increase the scope of the distribution and, accordingly, the coefficient of variation.
To monitor the strength capabilities (for example, for the purpose of repair or reconstruction), it is recommended to
selectively monitor the mechanical characteristics of the metal structure elements by non-destructive method before and
during operation.
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