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AHHOTALUMNA

BBeaeHue. BrinonHeH nutepatypHbIi 0630p paboT B 06nactv AUHAMUYECKOro pacyeTa KOMMO3UTHBIX KOHCTPYKLWIA, KOTO-
pbii Mokasan, YTo UccnefoBaHust B 06nactu geMngupoBaHns AMHAMUYECKUX BO3OENCTBUA HA MOKPLITUST 3arnyOneHHbIX
COOPYXXEHUN ABMATCA akTyanbHbIMU. [py 3TOM BONPOCHI HECUMMETPUYHBIX UMMYIbCHbIX BO3OENCTBUI OCTaOTCA HEAO-
CTaTO4YHO NpopaboTaHHbLIMW.

MaTtepuanbl U MeToabl. PaccmMaTpyBaeTCs TUMOBOE KOHCTPYKTUBHOE peLUeHVEe MinTbl MOKPbITUA 3arfybneHHoro B rpyHT
COOpYXXEHUS, Ha KOTOpoe AEeWCTBYET MMNynbCcHas Harpy3ka. MogenvmpoBaHve gedopmaLmnii OCyLLECTBSIETCS B 0ObEMHOW
NMOCTaHOBKE METOAOM KOHEYHbIX 3NeMEHTOB. [JuHammnyeckoe BO3AENCTBME NPeaCTaBeHo B BUAE COBOKYMHOCTM MacLUuTabu-
POBaHHbIX BPEMEHHbIX (PYHKLMIA. Tako cnocod MoaenMpoBaHns NO3BOSSET YUUTbIBATb NEPEMEHHOE NSATHO yaapa U n3MeHe-
HV€ UHTEHCUBHOCTW YOAPHOIO BO3AENCTBUSA. YUMThIBAETCS hmanyeckast HENMMHEMHOCTb MaTepUanoB Ha OCHOBE MOAeNeNn nna-
CTUYHOCTY hmbpobeToHa 1 apmaTypsbl. [Ins yCcTaHOBNEHUs1 HaYanbHOro MMMNynbca Harpy3sku ncnornb3oBanacek mogens JWL.
Pesynbrartbl. OnpegeneHbl npegenbHble 3HaYeHNst AMHAMUYECKOW Harpy3ku, COOTBETCTBYIOLLEN COCTOSIHUIO NMpeapaspyLue-
HUSA KOHCTPYKUuK. [pn 3TOM BapbupoBanach TonwuHa Tpyo, MCNoMb3yeMblX B OMOPHbIX y3rax B Ka4ecTBe AEMMUPYOLLMX
BCTaBOK. [poBeaeH psg pacyeToB C pasnUYHbIMK TONWMHAMM OEMNMUPYIOLLMX (CMUHAEMbIX) BCTABOK MPY HECUMMETPUYHOM
MMMyNbCHOM BO3AencTBMU. B kayecTBe Habnogaembix BO BpEMEHM NapamMeTpoB Npu CUMMETPUYHOM apMUPOBAHUUN pUresb-
HbIX YacTel MnuTbl paccMaTpMBaNMCb KBMBANEHTHbIE MO SHEPTETUYECKON TEOPUM NPOYHOCTU HaMpPsPKeHUst. BbinonHeHo co-
nocTaBneHne ¢ paHee NpoBeAEHHbIMU UCCNEAOBAHNSMU, NMOCBSILLEHHBIMU PACcYETy MUTbl HA CUMMETPUYHbIE BO3AENCTBUS.
BbiBoAbl. YcTaHOBNeHa BbicOKkash 3(EKTUBHOCTL NPUMEHEHUsT AeMNUPYOLLMX BCTABOK, NPU 3TOM Hauborbluee 3Ha-
YeHue npegenbHOM AMHAMUYECKON Harpysku MO CPaBHEHWMIO C XKECTKUM Y3rOM OMMPaHWs U C LenbHOW TpyOon yaanochb
nony4YnTb Npu TOMLMHE BCTaBOK, paBHoW 9 mm. OnpeneneHbl NePCNeKTUBLI U AanbHENLLNE HAaNpaBneHus nccnegoBaHuin.
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ABSTRACT

Introduction. The literature review of research in the field of dynamic calculation of composite structures is carried out,
which shows that research in the field of damping of dynamic impacts on coatings of buried structures is actual. At the same
time, the issues of asymmetric impulse impacts remain insufficiently studied.
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Materials and methods. A typical structural solution of a pavement slab of a buried structure subjected to impulse loading
is considered. The deformation is modelled in the volumetric formulation by the finite element method. The dynamic effect
is represented as a set of scaled time functions. This type of modelling allows the variable impact point and the change in
impact intensity to be taken into account. The physical non-linearity of the materials is taken into account based on plasticity
models of the fibre concrete and reinforcement. The JWL model was used to determine the initial load moment.

Results. Limits of dynamic load corresponding to the pre-failure state of the structure were determined. The thickness
of the pipes used as damping inserts in the support nodes was varied. A series of calculations were carried out with different
thicknesses of damping (crumpled) inserts under asymmetric impulse loading. The equivalent stresses according to the en-
ergy theory of strength were considered as time-observed parameters for symmetrical reinforcement of the transom parts
of the slab. A comparison was made with previous studies dedicated to the calculation of the slab for symmetrical impacts.

Conclusions. The high efficiency of the use of damping inserts was established, and the highest value of the dynamic ulti-
mate load in comparison with a rigid bearing unit and a solid pipe was obtained with the thickness of the inserts equal to 9 mm.
Prospects and further research directions are defined.

KEYWORDS: dynamic loading, pavement slab, dampers, steel fibre reinforced concrete, buried structures, time deforma-
tion, impulse impact
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BBEJIEHHUE

3maHus M COOPYKEHHS BCE Halle IMOABEPraroTCs
JTUHAMUYECKAM BO3JCHCTBUAM, KOTOPBIE MOTYT HOCUTH
aBapUIHBINA XapaKTep, HAlPUMep, TaKOW Kak JIeTOHAIU-
oHHbIH B3phIB [1-3]. [ToaTomMy Gonbliiee pa3BUTHE ITO-
Jy4aroT CIOCcO0bI 3aIUThl KOHCTPYKIINH, oOecreunBa-
OIIHE CHIDKEHHUE TMHAMUYECKUX yermmii [4—8]. OmamM
13 crt0coOOB YMCHBIIICHUSI PUCKA TIOBPEKIICHUH SIBIISICT-
Csl IPUMEHEHHE MOJIATIIMBBIX OIOP, KOTOPbIE MONIOAIOT
U CMSITYAIOT TUHAMUYECKUC HArpy3KH 3a cyeT addekra
nemnduposanus [9].

IIpoBenen aHamm3 psga Hay9HBIX paboT, HATIPaB-
JICHHBIX Ha W3y4YCHHE BIMSHUA IOAATINBOCTH OIOP
3arTyOJICHHBIX TUTUT COOPYXKEHUS Ha TpeJIesIbHOe 3Ha-
YEHHUE yJIapHOUM Harpy3KH, IJie B KaUeCTBE MMOAATIMBBIX
OTIOp OBUTH MCTIONB30BaHBI IEFHBIC 2JICKTPOCBAPHBIC
TpyOBL

B crarpe [2] nokazaHo, 4TO KOHCTPYKLUS TUIATHI
BOCIIPUHUMAET HAarpy3Ky 4epe3 TOJNILY TPyHTa IpH Jie-
TOHAIIMOHHOM B3PBIBC C IPUMCHCHUEM CXEMbI Penes.
OHnHa MO3BOJISIET YUECTh 3aTyXaHHe KoIeOaHui B cpese
W 3aTyxaHHe KoleOaHu B MaTeprale B pe3yibrare BHY-
TpeHHero TpeHus. [1ouck panroHaIbHbIX KECTKOCTEH
OIIOp NPH JMHAMUYECKOM IMOCTAHOBKE PACUETHBIX 3aj1a4
OCYILECTBISIETCS] C TIOMOIIBIO METO/IOB ONTUMH3AIUH.
[Ipn cuMMETpUYHOM BO3JEHCTBUN ONTUMAJIbHAS KECT-
KOCTB TPYOBI JOCTUTHYTA MIPH TOJIIUHE § MM, KPHTHYEC-
ckast Harpyska gocturaeT 38 klla. ITpu xxectkoM onupa-
HHUM KpUTHUYECKas Harpy3ka cocTasiseT auuib 25 klla.

B nyOnukarnusx [8, 9] ucciaemnoBana BeICOKast 3()-
(eKTUBHOCTH NMPUMEHEHHUS MOJATINBEIX OTIOP B BHIE
CMHHAEMBIX BCTABOK KOJIBIICBOTO CEUCHUS TIPH KPATKO-
BPEMEHHOM JIMHAMUYECKOM HarpyxeHuu. VX ucrosnb3o-
BaHUE CHU3WIIO KOO (PHIIMEHT AMHAMUYHOCTH KOHCTPYK-
LUH, IepeMelieHuid u ycunuid. HanpsokeHust B LesbHOM
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TpyOe Mpy MaKCUMAaJTbHOM HArpy3Ke HE JTIOCTUTAJH TIpe-
nena Tekydectu [2]. Mcxons u3 3T0r0, OBUIO MIPHHATO
peliieHre B JaHHOW paboTe MCII0IB30BaTh CMUHACMBbIE
(hparMeHTBI CTaJIBHOM 3ICKTPOCBAPHON TPYOBI, pacro-
JlaraeMple € [IaroM IO JIJTMHE OIOPHOM KPOMKH, KOTO-
pbie 1eOPMHUPYIOTCS B YIIPYTO#i U yIIPyroIuiacTHIEeCKOM
CTaHSIX.

[pencrasienHas padbora AEMOHCTPUPYET METOAUKY
YKCIICHHOTO aHAJIN3a XKeNe300eTOHHBIX IUIUT 3arTyOieH-
HBIX COOPY)KCHUH MPU HECUMMETPUYHOM U CHMMETPHY-
HOM HMMITYJIbCHOM BO3JIEHCTBUH, TaK)K€ CPaBHHUBACTCS
CIOCOOHOCTh KOHCTPYKIIUH K JAEMITI()UPOBAHHIO [IPU KC-
MOJIB30BaHUM OTIOp B BHJC (PparMeHTOB TPYOBI, CILIOLI-
HOH TpyOBI ¥ )KECTKOH OTIOPBI.

MATEPHWAJIBI U METO/JbI

B kadecTBe npeimera aHaIM3a MPUHATA Keye300e-
TOHHAs IUIUTa TUIOBOTO perreHus mo cepuu Y01-01-80
«YHu(pUIMpOBaHHBIE COOPHO-MOHOINTHBIE KOHCTPYKIIHN
3anTyOJICHHBIX TIOMENICHUH C MEPEeKPBITUIMH 0aJI0uHO-
ro turnay. CorlacHO ATUM pelIeHHsIM pedpa KECTKOCTH
YCTaHABIIMBAIOTCS CBEPXY, @ APMHUPOBAHNE IPUHUMACTCS
CUMMETpHUYHBIM. ['abapuThl HTH 3 X 6 M, CTPYKTypa
MeeT JiBa OaloYHbIX pedpa cBepXy. ApMUPOBAHUE TUTH-
TBI U €€ Ce4eHHe MOKa3aHbl Ha puc. 1, a. [InnTa BeIMON-
HeHa 13 (puOpoOeToHa, KOTOPBIH MMEET CONPOTUBIICHHE
pactsoxennto 4 MlIla u conporusienue cxxaruro 22 MITa.
BemmanHa sxerumyararmmonHoit Harpysku — 15 kI1a, ona
COCTOMT M3 COOCTBEHHOT0 Beca IunThI 3 k[1a 1 Beca rpyH-
ta 12 kl]a.

B mporpamme Femap 2023.1 Opma pa3paboTtana
KOHEYHasl JIEMEHTHAsl MOJIeNIb HarnpshKeHHO-1edop-
mupoBanHoro coctosHust (HC) nmnauTe! mokpeiTus, 3a-
TTyOJICHHOW B TPYHT M MPEJHA3HAYCHHOMN AT 3alUTHI
coopykeHuid. OHa COCTOUT U3 CBSI3aHHBIX MHTEPIOJSI-
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Puc. 1. CranedubpobeTonHas 3anTyOneHHast ININTA TOKPBITHS: @ — IONICPEIHBIN pa3pe3 IIUTHI ¢ apMUPOBaHUEM; b — pac-

4eTHast MOZelb B riporpamme Femap

IIHOHHBIX IEMEHTOB — OOBEMHBIX JIEMEHTOB OETOHa,
AIIEMEHTOB 000JI0UEK TS TPYOBI U CTEP’KHEBBIX JIEMEH-
TOB YISl apMaTypHI.

Beron MonennpoBascs 00bEMHBIMU TeKCadIPaMH,
JUIS KOTOPBIX 3a/1aBaJICsl MaTepHual — OETOH Ha OCHO-
Be monudukarmu moxaenu Jpykepa — [Iparepa, B KoTo-
pO#l MPUCYTCTBYET CLIMBKA [TOBEPXHOCTEH TEKYy4ECTH
B oOyacTu mpeobianarommx pactsokeHuit [10]. Apma-
TypHBIC CTeP)KHH U TpyOa nedopMupoBamuck mo xa-
paKTepHOHN JJIsl KOHCTPYKIMOHHOM CTaIH OMIIMHEHHOM
JarpaMme MpH KacarelibHoM Mopyie E, = 0. Yyer He-
JIMHEWHOCTH BBIMONHsUICS MeTosioM HetoToHa — Padcona
¢ HeBsa3koit no cuitam 0,1 %.

st snemenTa TpyOBl B paMKax CO3IaHUs TeoMe-
Tpun (pOpPMHPOBAIIOCH JIBE KOHTAKTHBIX ITOBEPXHOCTH.
Jlnist TpyOBI 3Ta MMOBEPXHOCTH MPE/CTABIICHA B BUJIE LIU-
JMHJpPA, JJIs TNIUTB — B BHUJE TUIOCKOCTH (puc. 2, b).
TpeHue mpu 3TOM KOHTAKTE€ B IJIOCKOCTH IIIACTHUHBI
HE yYHUTHIBAETCS B CIIydae JOMOIHHUTEIBHOTO KpeTuie-
HUSL OTIOPHI K TUIACTHHE aHKepaMu. Bo Bpemst pemenus
3a/laul UTEPAIMOHHBIM CIIOCOOOM OCYIIECTBISETCS
OLICHKA PACCTOSTHUS MEXJly COCEJHUMHU TOYKaMH Tpe]-
CTaBJICHHBIX TIOBepXHOCTel. Eciu 310 paccrosiHue MeHb-
111€ 33/IaHHOTO JIOMYCKa, TO MPOMCXOAUT CKIIEHKA y37I0B
1 00beTMHEHHE TTepeMEIIeHIH, TAKIM 00pa3oM, 3TO CTa-

HOBUTCS €AMHBIM fie(hopMUpyeMbIM TesioM. PaccTosiHue
JUTSL HAXOXK/ICHHUS Y3JI0B, CKJICCHHBIX MPH KOHTAKTHOM
B3aUMOJEHCTBUY, IPUHATO PABHBIM 5 MM.

st apmaTypHBIX CTEpKHEW 3a/1aBajiach uarpam-
Ma, MOJITIMPYIOIIAst MX YIPYTOIUIaCTHYECKOE TIOBE/ICHUE
B COOTBETCTBUM cO cxemoi [Ipanatns. Oty auarpam-
MBI 33/IaBJIUCH ISl IPOCTPAHCTBEHHBIX CTEPIKHEBBIX
AJIEMEHTOB, UMEIOIIUX TI0 6 CTENeHei cBOOOIbI B y3IIe.
Kputepuem mpodHOCTH SBIAIOTCS SKBUBAJICHTHBIC Ha-
TIPsDKEHMS 110 Mu3ecy, Ipr STOM pa3pyIIeHHE HHTEPIIpe-
THUPOBAJIOCH KaK JIOCTIHKEHHUE JIeOpMaIiii HEKOTOPOTO
MpeaesIbHOTO YpoBHs, paBHoro ajs ctanu 0,025. Cszb
¢hubpobeToHa ¢ apMaTypoill MOJEIMPOBaIach MyTeM
BBEJICHUS WHTEPHOJSIIMOHHBIX JIeMeHTOB THIa RBE2
B TeXHOJNOTHH Siemens Femap, MOIEMUPYIONINX OTCYT-
cTBHE eOpMaInii B 30HE HX KOHTAKTA.

B kauecTBe HE3aBUCHMOTO y371a MIPUHUMAIICS Y3eIL,
NPUHAAISKANMHA apMaType, B Ka4eCTBE 3aBHCHMOTO
y3J1a JUIsl MOJISITMPOBAaHHSI KOHTaKTa — y3ell, IPHHAJIe-
xaruit 6erony (puc. 2, a). OO1iee ycune ClenieHus,
KOTOPOE MOXET BOCHPHHST CTEPKECHB, BBIPHIBACMBIN
U3 CTepPXKHS PrOPOOETOHA, MOICITHPOBATIOCH ITyTEM IIPH-
HSTHSA JUTS1 BCEX UHTEPIOJIIOHHBIX 2JIEMEHTOB CIIBHTO-
BOH sxecTtkocTH Ga. JlaHHast CIBUTOBAst )KECTKOCTh PaBHA
MPOM3BE/ICHHIO NIEPUMETPa CTPEXKHS Ha PacueTHOE CO-
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a

b

Puc. 2. Tumbl KOHTAKTHOTO B3aUMOJACHCTBHSL: @ — apMatypa u GudpodeToH; b — TpyOa u rumra; [ — y3en apMaTypHOTO

cTepkHS; 2 — y3en GuOpoOeTOHHOTO dIeMeHTa; 3 — 3JEeMEHT HHTEPIOISIIUN; 4 — Tpy0a; 5 — y3JIbI IOMCKA KOHTaKTOB;

6 — pubpobeToHHAS TUTUTA

IPOTUBJIEHHE CUETUIEHUS R, ., ONPENENIEMOE HOpMa-
TUBHBIMU JI0OKyMeHTaMu, B ToM uncie CIT 63.13330.

[Tonmaraem, 4To TMHAMHUYECKOE YCHIIUE B BHJC HM-
IyJIbCa OT B3PBIBUATOTO BEIIECTBA MEPEAACTCS HA KOH-
CTPYKIHMIO Yepe3 TOMILy TpyHTa. MI3MeHeHue xapakrepa
UMITYJIbCA Ha TMIPOTSDKEHUN 3 C MIPE/ICTABICHO Ha PHC. 3.
Dopma 3TOro UMITyJIbca Uit CAMMETPUYHON U HeCHMMe-
TPUYHOH Harpy3KH omnrcaHa B pabore [1] «HucneHHbIH
aHaJIn3 AMHAMHKH 3anTyOJICHHBIX (PHOPOOETOHHBIX TUTHT
TOJ1 JIEWCTBUEM B3PBIBHBIX HAIPy30K».

VHTEHCHBHOCTD UMITYIIbECA B3pHIBA B MOMEHT Bpe-
MEHHU, PaBHBINM HYIIIO, HaliieM U3 ypaBHEeHMs JoHca —
Bunkunca — JIn (JWL) [10-13]:

P=Al 1+ |e™ 4 Bl 1+ 2 | + 2,
RV RV V

I7ie 3HAYeHHs] /' — OTHOCHUTEINILHBINH 00beM B3PhIBUATOTO
BemecTsa; 4 = 3,712 m6ap; B = 0,0323 mbap, R, = 4,15,
R,=095, ®=0,3, e= 0,07 MOap — KOHCTaHTBI, KOTO-
PBIE OTIPENETISIOTCS HA OCHOBE METOZOB paloT.

PaccmoTpeHs! 1Ba THIIA B3PBIBHBIX HAIPy30K —
CUMMETPHUYHAasA U HCCUMMECTPHUYHAs. CI/IMMeTpI/I‘IHaH
Harpy3Ka JeHCTBYeT OT LEHTPa IUTUTHI C PaclpocTpa-
HEHHMEM IISITHA ynapa TMOoJ0CaMy M0 BCEH ee JUTHHE.
[Tonepeuynas Harpy3ka MOJCIHPYETCS C pacmpocTpa-
HCHHUEM MOINCPCK IJIUTHI IMIATHA yapa IyTEM BKJIOYEC-
HUS HAaTPYy30K Ha ITOJI0CAX ITOCIIEA0BATEIHHO — CJIEBa
HarpaBo. MojenrpoBaHue TUHAMUYECKOTO HarpyKe-
HUS B3pbIBHOM Harpy3koi, epefaBacMon uepe3 rpyHT
Ha KOHCTPYKIIMIO, TPOBOJWIIOCH CIEAYIOIIMM 00pa-
30M: JUTSI BOCIIPOHM3BEICHUS paCTIpeieTICHUS HArPy3KH
0 IUIOIIAJM IJINTa ObUIA pasJiesieHa Ha 5 Yy4acTKOB.
Jlnist onucanusi CHMMETPHYHOTO CLEHAPHsI pacipocTpa-
HEHUSI UMITYJIbCA BOCTIONB3YeMCs (PyHKITHSAMHI BPEMEHN
(puc. 3, a) nig KakI0W U3 Harpys3ok q,—q,. Harpysky,
BOCHPHHUMAECMYIO [UIACTHHOM [IPH HOPMAIIbHOW padorte,
0003Ha4aeT nepeMennas ¢,. OHa yBeJIMIMBaeTCs B Teve-
nue 0,5 ¢ u ocraercsi NOCTOSIHHOW Ha BCEM MHTEpBae
BPEMCHH WHTETPUPOBaHMs. VIHTCHCHBHOCTh OCTaTOY-
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HOH Harpy3ku 30 %o U1 KaXT0H u3 Harpy3oK ¢,(1), q,(?),
¢,(f) IpUOIM3UTENBHO COOTBETCTBYET IOTIOJHUTENBHON
Harpy3ke oT ITpyHTa ¢ HapylIEHHOH cTpyKTypoi. Pac-
IpeesIeHIe Harpy3Kn BO BPEMEHH C yIeTOM U3MEHEHHS
3a KaX/IbIi1 MOMEHT BPEMEHH MOKa3aHo Ha pHC. 3, a.

ITsate pasnmaHbIX GyHKIMI BpemerH f,—f; (puc. 3, a)
UCTIONB3YIOTCS JUTSL OMMCAHMSI CIIEHApHsI aCHMMETPHY-
HOI 3arpy3ku. MIx ¢popmupoBanue aHaoruaHo puc. 3, b,
a M3MEHEHNE Harpy30K JUIsl KaXJI0ro MOMEHTa BPEMEHU
JIaeT pacnpe/eeHne Harpy3KH, MoKa3aHHOE Ha puc. 3, ¢.

HH}I MOJIy4Y€HUsA PCIICHUA MO METOAY KOHEYHBIX
AJIEMEHTOB MHTETPUPOBAJIOCH T epeHInaIbHOe ypaB-
HCHUEC NBMKCHUA MPAMBIM HIaroBbIM METOAOM Ha OCHO-
Be Moaudukanuu HeromMapka, HCIOIb30BaHHOM B pado-
Tax [13-15]:

[M]3(0)+[CT3 (1) + [K. (1) ]y (1) =
=F(1)+Gx(1),
I7e B IPaBOM YacTH, KPOME y3JIOBBIX CHUJ F(f), yIUTHI-
BAEeTCs BIUSHHUE Y3JIOBBIX Macc; G — BEKTOp Y3II0-
BBIX Macc; ¥(f) — dyHkimst XeBucaia.

B nmannoit pabote ucmons3yeTcs cxema Pames, mo-
3BOJISIIONIAS YIECTh IeMI(pUPOBaHNE BHYTPH MaTepraia
n nemngupoBanue cpesl. [Ipu 5ToM TOUHOCTH pacueTa
3aBUCHT OT 3Ha4eHUH K03(hPUINEHTOB o U B, TIe o —
KOA(p(HULMEHT CONPOTHBIEHHS CPEIbl, KOTOPBIA YUHUTHI-
BaeT OTHOIIEHUE KOJIeOaHUH 3a CUeT MaccChl, ABHUIA0-
1ieiicst B 9Tl cpene; B — kodHUIMEHT, yIUThIBAOIMH
BHYTPEHHEE TPEHUE B MaTepHale.

Cyl1ecTBYIOT TaKke APyTHe MOJIENH, TaKHE KaK He-
JIoOKaJbHasl BO BpeMeHu Monenb KenpBuna — doiirra.
Juist onpeneneHus 1eMpUPYOLMX CBOHCTB KOHCTPYK-
IIUH OBUT IPOBEJEH PAM SKCIIEPUMEHTAIBHBIX UCCIIEIO0-
BaHWH [1], B KOTOpEIX 00HAPYKHUIOCH, 9TO KO DHUIIH-
eHT [} BapbupyeTcsl B JOCTATOYHO IIMPOKOM JIHATIa30HE
0,01-0,2 B 3aBUCUMOCTH OT KOHCTPYKLIUH y3JIOB U CTe-
TICHU TIOBPEXICHUs MaTepuaia. st paccMarprBaeMoro
HaMU cilydasi 3HauYeHUs U1l Ko3((PHULUEeHTa o IIPUBEJie-
HBI B JIUTEepaType. ITO CBA3aHO C TEM, YTO Cpefia, B KOTO-

(M
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Puc. 3. K onpezienenuio AMHAMHYESCKOTO BO3ICHCTBUS: @ — (YHKIIMH BPEMEHH; PacIpeieNieHHe YIapHOil Harpy3Ku BO BpeMe-

HU I b— CUMMETPUYHOTO HArpyKE€HUs; ¢ — HECUMMETPUYHOTO HArpyKECHU

POIf BO3HUKAIOT KOJIeOaHMs, COEPKUT IpaHHUITy (Pa3oBo-
IO IIepexosia MKy BO3LYXOM U IPYHTOM.

PE3YJIBTATBI HCCIEJOBAHMUA

JI71s1 TOCTPOEHHON MOJIENH TUIUTHI BBIMOIHSUINCH
CICAYIONIUEe NEeWCTBU: MCHSIACH TOJIIUHA TPYOBI
1 TIPH KaKIOW TONIIIMHE TIPOBOIIIICS HETMHCHHBIN JTHA-

MUYECKUH pacyeT. B pe3ynbrare 4ero MeTooM nocieno-
BaTEJIbHBIX IPHOIVHKCHUH NCKaach MpeebHas Harpys3-
ka. [IpenenpHoil cunTanach Ta Harpy3Ka, pu KOTOPOi
IpoXouiI pacyeT. Eciti pacueT npepbIBasicst, TO 3TO CBHU-
JIETEILCTBOBAJIO O TUIOXOW OOYCIIOBIEHHOCTH MaTpUIle
JKECTKOCTH M MHTEPIIPETHPOBAIOCH KaK pa3pylICHHUE.
Takoit pacdeT ObUT TPOM3BEICH VIS TOMIIWH 3, 6, 7, 8, 9,
10, 11, 12 MM, pe3ymbsTaTsl IPUBEICHBI HA puC. 4.
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Puc. 4. I'paduk 3aBUCHMOCTH yIapHOIl HATPy3KH OT TOJNIIMHBI CMUHAEMBIX BCTABOK

[1pu TonmmHe CMUHAEGMBIX BCTABOK 3 MM M MEHBIIIE
OIIOpHAas KOHCTPYKIHMS He BBIAEPKUBACT HKCIUTyaTallH-
OHHOI{ Harpy3KH, a Ipx 6 MM MIPUBOIUT K ITOHKEHHBIM
3HAYEHMSIM TIPEICITbHON HAarpy3KH, TaK KaK HE BO3HUKACT
addexra nemMnpupoBaHus.

OnTuManbHOM MPHUHATA Ta TOJIIIHA, TIPH KOTOPOH
JUHAMHU4YecKas Harpy3ka MakcuMmaibHa. ['padux mo-
Ka3bIBAET, YTO AJISI CUMMETPUYHON U HECUMMETPHUYHON
Harpy3KH *eCTKOCTH HE COOTBETCTBYIOT IPEENIbHBIM
3HAYEHMSIM, OHH Pa3Inu4HbI. {71 TOro 4To0B Ha3HAYNTH
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Ha npeAeAbHOe 3HauYeHUe yAapHOM Harpy3ku
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Puc. 5. DxBuBaseHTHBIC HAPSDKEHHS B apMaType NPH TOJIIIMHE CMUHAEMBIX BCTaBOK: d, b — 8 MM; ¢, d — 9 mm; e, f— 10 MM

HEKYI0 KOHCTPYKTUBHYIO KECTKOCTb, HEOOXOMMO MPH-
JIep)KUBAThCsl MHTEPIIPETAIIMY TIPUHIIUIIA PABHOBECHS
Hbmra [16] amst TEXHUYECKOH CHCTEMBI, COTJIACHO KOTO-
POMY ONTHUMAJILHYIO TOJIMHY CIIEIYeT IPUHSAThH B TOUKE
MePECCYCHUS IPAPHKOB.

Takum 00pa3om, MpoaHaIU3UPOBAB IpapuK 3aBU-
CHUMOCTH yAAapHOM Harpy3Ku OT TOJILIUHBI CMHHAEMbIX
BCTaBOK (pHC. 4), MOXKHO C/I€aTh BBIBOJI, YTO ONITUMAITb-
Has TojiuHa — 8,3 MM. JlaHHas TOJIIIMHA HE SBIISETCS
CTaHJapTHOM, TO3TOMY B paMKax JIEUCTBYIOIIEH HOMEH-
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Nodal Contour: Nonlinear EndA Pt1 Comb Street
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Puc. 6. DKBHBAJICHTHbBIC HAPSDKEHUS B ApMAType MPH TOJIIMHE CMHHAEMBIX BCTABOK: a, b — 8 MM; ¢, d — 9 Mm; e, f— 10 MM

CMHHaeMbIe BCTaBKI
IJIEKTPOCBAPHOH TPYObI
TOJIIUHOH 9 MM

Puc. 7. 3aBucumoctb KpPITH‘IeCKOﬁ CHJIbI OT BU 1A OHOpHOﬁ KOHCTPYKIUHU [IPU HECUMMETPUIHOM TUHAMUYICCKOM BO3/ICHCTBUH

kaarypsl TOCT 10704-91 «TpyObI cTambHbIE AIEKTPO-
CBapHBIC NMPSIMOLIOBHBICY» PHHUMAEM CTAJIBbHYIO TPYOy
TONIUHON 9 MM. DTO 3HaYEeHUE YOBIETBOPHUT yCIOBU-
SIM KaK CHMMETPHYHON HArpy3KH, TaK 1 HECUMMETPHY-
HOM Harpy3ku. J{ist 6osee TOUHBIX JaHHBIX CPAaBHUM I10-
nmy4yennsie Tpapuku HJIC apMaTypsl U1 KOHCTPYKITHH
C TOJIIIIMHON CMHUHAEMBIX BCTaBOK 8, 9 1 10 mm.

bbbt mocTpoeHs! 1 M3ydeHbl rpaduKy 3aBHCHMO-
CTH HaNpsDKCHUH apMaTypbl JJIsl XapaKTEePHBIX Omac-
HBIX TOUEK BEPXHHX U HHKHUX HPOIOIBHBIX CTEPIKHEH
OT BPEMEHH I HECUMMETPUYHOU (pHC. 5) U cUMMe-
TPUUHON Harpy3ok (puc. 6). B ciydae cummerpuaHoi
Harpy3KH BBUJLy CUIMMETPHH KOHCTPYKIIUH U CUMMETPHI
HaTPy3KH paccMaTpUBAINCh 4 CTep KHA pedpa KeCTKo-
ctu. B ciiydyae HecMMMETpUYHON B3pBIBHOM Harpy3ku
PacCMOTPEH KaKIbIii U3 BOCBMHU CTPEXKHEH, MOCKOIBKY
MMITYJIBC HAIpaBiIeH NONepeK KOHCTPYKIUH TUTHTHI.

Bo Beex cnywasix (npu TomuuHax 8, 9, 10 MM) Ha-
NPSDKEHUS B apMaType JOCTUTAIOT MaKCHMaJIbHOTO 3Ha-
4yeHus: B MOMEHT Bpemenu 1,68 c. IIpu 9 mm mnoman-
Ka TEKy4eCTH apMaTypbl 0ojiee BbIpa)keHa, MOCKOIbKY
iTa Ha cebs O6epeT OOoNbIne SHEPTUU OT HArpy3KH,

46

a OCTajbHasl MOTEHIMAIbHAS SHEPT s JedopMaryu mo-
IJIOUIAETCsl ONIOPOH.

Hedopmannu npu tomuuue 10 MM MeHbIEe, YeM
npu 8 1 9 MM, U3 4ero MOXHO CZENaTh BBIBOJ, YTO TPyOa
HE BOCIIPHHUMAET Ha ceOsl IOJDKHYIO SHEPTHI0 OT KOH-
CTPYKIHH, a AeMI(UPYIOIINe CBOWCTBA MPOSBIIIOT-
cst MeHee 3()(EKTHBHO.

[lo pesynbraram ananm3sa rpaMKoB BUIHO, YTO He-
CHUMMETPHUYHOE Harpy>KeHHe SIBIACTCS 00JIee OIACHBIM.
B cinyyae cuMMETPHYHOTO HarpyXeHUs! MpPU TOJIIH-
HE CMHHAEMBIX BCTaBOK 10 MM apMaTypHBIE CTEpXKHHU
HE JIOCTHUTAIOT IIpeJielia TeKy4eCTH 1 OETOH pa3pyaeT-
cst panbie. [Ipu 9 u 8 Mm apmarypa Tedert, HO pu 9 MM
GoJblIIee KOJIMUECTBO CTEPHKHEH apMaTypbl «BKIIFOUAIOT-
cs» B pacTspkeHne. [ paduk Ha puc. 7 WinmrocTpupyer 3¢-
(heKTUBHOCTH BBEACHHS AEMIT(UPYIOMNX ONOP IPH He-
CHMMETPUYHOM Harpy>XKCHHH.

3AKJITIOYEHHUE U OBCYXIAEHHUE

[Ipu ucnosnbp30BaHNM B Ka4eCTBE JeMII(HUPYIOIIeH
OTIOPHI HEIEHON 3JIEKTPOCBAPHOHN TPYOBI KPUTHUECKAS
CHJIa TIPY HECUMMETPUYHOM Harpy>KEHNUH ISl TOJIIIHBI
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TpyObl 9 MM paBHa 33 klla, a npu >xecTkoi ornope —
24 xITa. YcTaHOBIIEHO, YTO TPH 33AaHHBIX TapaMeTpax
OITUMAJIbHAS! )KECTKOCTh TPYObI JOCTHIAETCSI IIPU TOJIIH-
HE IEeIbHOI TPYOBI 7 MM, ¢ KpuTHUeckoi cuioii 34 kl1a.

BBejieHre CMUHaEMbIX BCTABOK TPYObI B Ka4€CTBE
onop (OTHENbHBIX YacTeil), B OTIMYKE OT IebHON dJIeK-
TPOCBApHOM TPYOBI M JKECTKOW OIMOPHI, CYyIIECTBEHHO
MOBBIIIACT MPEACTbHYIO JMHAMHUYECKYIO Harpy3Ky, KO-
TOPYIO MOXET BBLAEPKaTh KOHCTpYyKuus. [Ipu BBeaeHUM
LEJIbHON TPYObl BMECTO JKECTKOTO ONMPAHHSI TTHAMUYE-
CKasl Harpy3Ka moBbimaetcs Ha 37,5 %, BBefieHne BCTa-
BOK IIOBBIIIAET ee Ha 57,5 %.

Pacuerst HIAC mnuThl B pacCMOTPEHHON MOCTa-
HOBKE SIBJIAIOTCSA JJOCTATOYHO TPYAOEMKHMH, a TIOUCK
ONTHUMAJIbHBIX NaPAMETPOB HE MOXKET OBITh OJIHO3HAY-
HO MHTEPIIPETUPOBAH KaK Jydllee pelieHue 6e3 ydera
0COOEHHOCTEH BCEro COOPY)KEHHS [T OTACIHHOM KOH-
cTpykimu. IToaToMy nccienoBaHie MMeeT MEePCIEKTHBEI,
HalpaBJeHHbIC Ha NOBbIILIEHNE YPHEKTUBHOCTH MTOUCKA
peleHnii, Harprumep, ¢ TOMOIIbIo moaxona [17], cosep-
IIEHCTBOBaHUE Tporeayp pacuera [15, 18, 19], a Takxe
HCTIONB30BaHUE MATKHUX Bbrancienuil [20] mist cHmxke-
HUSI TPYIOEMKOCTH 337124 U OBICTPOTO IPOTHO3UPOBAHUS
0XXHMJAEMBIX PE3YIbTaTOB.
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INTRODUCTION

Buildings and structures are increasingly exposed
to dynamic effects that can be of an emergency nature,
such as detonation explosion [1-3]. Therefore, methods
of structural protection that provide for the reduction
of dynamic forces are gaining more development [4-8].
One of the ways to reduce the risk of damage is the use
of pliable supports that absorb and mitigate dynamic
loads due to the damping effect [9].

A number of scientific works were analyzed to study
the influence of the pliability of the supports of buried
slabs of a structure on the ultimate value of the impact
load, where solid electric-welded pipes were used as pli-
able supports.

The paper [2] shows that the slab structure takes
the load through the soil column during a detonation ex-
plosion using the Rayleigh scheme. It makes it possible to
take into account the damping of vibrations in the medi-
um and the damping of vibrations in the material as a re-
sult of internal friction. The search for rational support
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stiffnesses in the dynamic formulation of design prob-
lems is carried out using optimization methods. At sym-
metric influence the optimum stiffness of the tube is
reached at thickness of 8 mm, critical load reaches 38 kPa.
In case of rigid support, the critical load is only 25 kPa.

In publications [8, 9], the high efficiency of the use
of pliable supports in the form of crumpled inserts of an-
nular cross-section under short-term dynamic loading
was investigated. Their use reduced the dynamic coeffi-
cient of structures, displacements and forces. The stress-
es in the one-piece tube at maximum load did not reach
the yield stress [2]. Proceeding from this, it was decided
to use in this work crumpled fragments of steel electric-
welded pipe, arranged in increments along the length
of the supporting edge, which deform in elastic and elas-
tic-plastic stages.

The presented work demonstrates the methodolo-
gy of numerical analysis of reinforced concrete slabs
of buried structures under asymmetric and symmetric
impulse action, and also compares the damping ability
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of the structure when using supports in the form of pipe
fragments, solid pipe and rigid support.

MATERIALS AND METHODS

The subject of the analysis is a reinforced concrete
slab of the standard solution according to the series
U01-01-80 “Unified prefabricated monolithic structures
of buried premises with beam-type slabs”. According
to these solutions, the stiffening ribs are installed from
above and the reinforcement is symmetrical. The dimen-
sions of the slab are 3 x 6 m, the structure has two beam
ribs on top. The reinforcement of the slab and its cross-
section are shown in Fig. 1, a. The slab is made of fi-
bre concrete, which has a tensile strength of 4 MPa and
a compressive strength of 22 MPa. The value of the ser-
vice load is 15 kPa, it consists of own weight of the slab 3
and the weight of the soil 12 kPa.

A finite element model of the stress-strain state
(SSS) of a pavement slab buried in the ground and de-
signed to protect structures was developed in the Femap
2023.1 programme. It consists of coupled interpolation
elements — concrete volume elements, shell elements
for the pipe and bar elements for the reinforcement.

Concrete was modelled by volumetric hexahedra,
for which the material — concrete was specified based

on a modification of the Drucker — Prager model, in which
there is a cross-linking of yield surfaces in the region
of predominant tensions [10]. The reinforcing bars and
the pipe were deformed according to the bilinear diagram
characteristic of structural steel at the tangent modulus
E, = 0. Nonlinearity was accounted for by the Newton —
Raphson method with a force mismatch of 0.1 %.

Two contact surfaces were formed for the pipe ele-
ment as part of the geometry creation. For the pipe this
surface is represented as a cylinder, for the plate — as
a plane (Fig. 2, b). Friction at this contact in the plane
of the plate is not taken into account in the case of addi-
tional anchoring of the support to the plate. During the so-
lution of the problem by iterative method, the distance
between neighbouring points of the presented surfaces is
evaluated. If this distance is less than a given tolerance,
then the nodes are glued together and the displacements
are combined, so it becomes a single deformable body.
The distance for finding the nodes glued by contact inter-
action is assumed to be 5 mm.

For reinforcing bars, a diagram modelling their
elastic-plastic behaviour in accordance with the Prandtl
scheme was defined. These diagrams were defined for
spatial rod elements with 6 degrees of freedom per node.
The strength criterion is equivalent Mises stresses, and

2,980
15 560 15 300 15 1,170 15 300 15 560 15
43
1 D10 A240 D12 A500
71= 5,650 s =300 mm, /= 5,650
028A500/W ~
2 7 Steel pipe o - // ; = -
><>{ i C345, 03220 7 N =
A AR s A B BH I IS SIS TIDN D PIAE A As Vo Ar D
a

Fig. 1. Steel-fibre concrete buried pavement slab: @ — cross section of the slab with reinforcement; b — calculation model

in Femap programme
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a

Fig. 2. Types of contact interaction: @ — reinforcement and fibre concrete; b — pipe and slab; / — reinforcement bar node;

2 — fibre concrete element node; 3 — interpolation element; 4 — pipe; 5 — contact search nodes; 6 — fibre concrete slab

failure was interpreted as the strain reaching some ulti-
mate limit, equal to 0.025 for steel. The connection be-
tween fibre concrete and reinforcement was modelled by
introducing interpolation elements of RBE2 type in Sie-
mens Femap technology, modelling the absence of defor-
mations in the zone of their contact.

The node belonging to the reinforcement was taken
as the independent node, while the node belonging to
the concrete was taken as the dependent node for contact
modelling (Fig. 2, a). The total cohesive force that can
be taken up by the rod tearing out of the fibre concrete
core was modelled by assuming for all interpolation ele-
ments the shear stiffness G . This shear stiffness is equal
to the product of the perimeter of the rod by the design
resistance R,  determined by the normative documents,
including CP 63.13330.

We assume that the dynamic force in the form of
an impulse from the explosive is transmitted to the struc-
ture through the soil column. The change in the character
of the impulse during 3 s is shown in Fig. 3. The shape
of this impulse for symmetric and asymmetric loading
is described in [1] “Numerical Analysis of the Dynamics
of Buried Fibre Concrete Slabs under Explosive Loads”.

We find the intensity of the explosion momentum at
time zero from the Jones — Wilkins — Lee (JWL) equation
[10-13]:

P=Al1+-2 ™ 4Bl 142 |e® + &,
RV RV %

where values V' is the relative volume of explosive;
A =3.712 mbar; B =0.0323 mbar; R, =4.15; R, = 0.95;
® = 0.3; ¢=0.07 mbar are constants that are determined
from work methods.

Two types of explosive loads are considered,
symmetrical and asymmetrical. The symmetrical load
acts from the centre of the slab with the impact spot
propagating in strips along the entire length of the slab.
The transverse load is modelled with the shock spread
across the slab by including the loads on the strips se-
quentially from left to right. Modelling of dynamic load-
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ing by the explosive load transmitted through the soil
to the structure was carried out as follows: the slab was
divided into 5 sections to reproduce the load distribution
over the area. To describe the symmetric scenario of im-
pulse propagation, we will use time functions (Fig. 3, a)
for each of the loads ¢, —¢,. The load taken up by the plate
during normal operation is denoted by the variable g,.
It increases for 0.5 s and remains constant over the en-
tire integration time interval. The residual load inten-
sity of 30 % for each of the loads ¢,(?), ¢,(¢), q,(¢) ap-
proximates the additional load from the disturbed soil.
The load distribution over time, considering the change
for each time point, is shown in Fig. 3, a.

Five different time functions f,—f; (Fig. 3, a) are
used to describe the asymmetric loading scenario. Their
formation is similar to Fig. 3, b, and the variation of loads
for each time instant gives the load distribution shown in
Fig. 3, c.

To obtain the finite element solution, the differential
equation of motion was integrated by the direct stepwise
method based on the Newmark modification used in
[13-15]:

[M]5(0)+[CT3 () +[ K. (1) ]y (1) =
= F(1)+ G (1),

where in the right part, in addition to nodal forces F(7),
the influence of nodal masses is taken into account; G is
the vector of nodal masses; (¢) is the Heaviside function.
In this paper, the Rayleigh scheme is used to
take into account the damping inside the material and
the damping of the medium. The accuracy of the calcu-
lation depends on the values of the coefficients a and 3,
where a is the coefficient of resistance of the medium,
which takes into account the ratio of oscillations due to
the mass moving in this medium; B is the coefficient that

takes into account the internal friction in the material.
There are also other models, such as the non-local
in time Kelvin — Voigt model. To determine the damping
properties of structures, a number of experimental stud-
ies have been carried out [1], in which it was found that
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Fig. 3. To the definition of dynamic impact: « — functions of time; distribution of impact load in time for: » — symmetrical

loading; ¢ — asymmetrical loading

the coefficient p varies in a fairly wide range of 0.01-0.2
depending on the design of nodes and the degree of ma-
terial damage. For the case we are considering, the val-
ues for the coefficient o are given in the literature. This
is due to the fact that the medium in which oscillations
occur contains a phase transition boundary between air

and soil.

RESEARCH RESULTS

The following steps were performed for the con-
structed slab model: the thickness of the pipe was varied
and a nonlinear dynamic calculation was performed at
each thickness. As a result, the ultimate load was found
by the method of successive approximations. The ulti-
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Fig. 4. Graph of impact load dependence on the thickness of the crumpled inserts

mate load was considered to be the load at which the cal-  was performed for thicknesses of 3, 6,7, 8,9, 10, 11, 12 mm
culation was carried out. If the calculation was inter- and the results are shown in Fig. 4.

rupted, this indicated poor conditioning of the stiffness

If the thickness of the crumpled inserts is 3 mm

matrix and was interpreted as failure. Such a calculation or less, the support structure cannot withstand the oper-
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ating load, and if it is 6 mm, it results in lower ultimate  for symmetrical and asymmetrical loading the stiffnesses
load values because there is no damping effect. do not correspond to the limit values, they are different.

The optimum thickness is the thickness at which  In order to assign some structural stiffness, it is neces-
the dynamic load is maximized. The graph shows that sary to follow the interpretation of the Nash equilibrium
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Fig. 6. Equivalent stresses in reinforcement at the thickness of crumpled inserts: a, b — 8 mm; ¢, d — 9 mm; e, f— 10 mm
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Fig. 7. Dependence of the critical force on the type of support structure under asymmetric dynamic action

principle [16] for a technical system, according to which
the optimum thickness should be taken at the point of in-
tersection of the graphs.

Thus, having analyzed the graph of impact load
dependence on the thickness of the crumpled inserts
(Fig. 4), we can conclude that the optimum thickness is
8.3 mm. This thickness is not standard, so within the cur-
rent nomenclature of GOST 10704-91 “Electrically
welded straight seam steel pipes” we accept a steel pipe
thickness of 9 mm. This value will satisfy the conditions
of both symmetrical load and asymmetrical load. For
more accurate data, let’s compare the obtained graphs
of reinforcement SSS for the structure with the thickness
of crumpled inserts 8, 9 and 10 mm.

The graphs of time dependence of reinforcement
stresses for the characteristic dangerous points of the up-
per and lower longitudinal bars for asymmetrical (Fig. 5)
and symmetrical loads (Fig. 6) were plotted and studied.
In the case of symmetrical loading, due to the symmetry
of the structure and the symmetry of the load, 4 stiffener
bars were considered. In the case of asymmetric explo-

54

sive loading, each of the eight rods was considered be-
cause the impulse is directed across the slab structure.
In all cases (at thicknesses of 8, 9, 10 mm),
the stresses in the reinforcement reach their maximum
value at the moment of time 1.68 s. At 9 mm the yield
point of the reinforcement is more pronounced because
the slab takes more energy from the load and the rest
of the potential strain energy is absorbed by the support.
The deformations at 10 mm thickness are smaller
than at 8 and 9 mm, from which it can be concluded that
the pipe does not absorb the proper energy from the struc-
ture and the damping properties are less effective.
According to the results of analyzing the graphs, it
can be seen that asymmetrical loading is more dangerous.
In the case of symmetrical loading, when the thickness
of the crumpled inserts is 10 mm, the reinforcement bars
do not reach the yield point and the concrete fails ear-
lier. At 9 and 8 mm the reinforcement flows, but at 9 mm
more reinforcement bars are “switched on” in tension.
The graph in Fig. 7 illustrates the effectiveness of intro-
ducing damping supports under asymmetric loading.
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CONCLUSION AND DISCUSSION

When using a one-piece electric-welded pipe as
a damping support, the critical force under asymmetrical
loading for a 9 mm thick pipe is 33 kPa, and for a rigid
support it is 24 kPa. It was established that at the given
parameters the optimum stiffness of the pipe is achieved
at the thickness of solid pipe of 7 mm, with a critical force
of 34 kPa.

The introduction of crushable pipe inserts as sup-
ports (individual parts), in contrast to solid electric-weld-
ed pipe and rigid support, significantly increases the ul-
timate dynamic load that the structure can withstand.

The introduction of solid pipe instead of rigid support
increases the dynamic load by 37.5 %, the introduction
of inserts increases it by 57.5 %.

The slab SSS calculations in the considered formu-
lation are rather labour-intensive, and the search for op-
timal parameters cannot be unambiguously interpreted
as the best solution without taking into account the pecu-
liarities of the whole structure for an individual structure.
Therefore, the study has prospects aimed at improving
the efficiency of solution search, e.g., using the approach
[17], improving the calculation procedures [15, 18, 19],
and using soft computing [20] to reduce the labour intensi-
ty of the problems and quickly predict the expected results.
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